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JOnN A. LOWELL, LL.D., 

Dear Sir : 

From, the ewrly lectii/res of the LovieU In- 
stitute I dei-ived, when a hoy, my taste for the science 
which heoa^ne the oacwpation of my afterlife, and U 
has since often ieen m.y ^i/oilege to Ulusii'ate iefore 
the intelligent audiences— which, for more than thiriy 
winters, the Institute has gathered under your direc- 
tion — the results of the studies that I there began. 
Allow me, timn, to dedicate to you this volume, as an 
expression of my indebtedness to the foundation you 
liave so long a/nd so ahly ad/rmnistered. 
Wi^h grgat respect, 

T'our obedient servant, 

JOSIAII P. OOOKE, Js. 
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P K E F A C E . 



The lectures now published were delivered before 
the Lowell Institute, in Boston, in the autumn of 1873, 
They aimed to present the modem theories of chem- 
istry to an intelligent but not a professional audience, 
and to give to the philosophy of the science a !o^- 
eal consistency, by resting it on the Taw of Avogadi'o. 
Since many of the andienec had studied the elements 
of chemistry, as they wore formerly taught under the 
dualiatic system, it was also made an object to point out 
the chief characteristics by which the new chemistry 
differed from the old. The limitations of a course of 
popular leetores necessarily precluded a fall presenta- 
tion of the subject, and only the more prominent and 
less technical features of the new system were discussed. 
In writing ont his notes for the press, the author has 
retained the lecture style, because it is so well adapted 
for the popular exposition of scientific subjects ; but he 
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is painfully conseioua that any description of experi- 
ments muBt necessarily fall far sliort of giving tLat force 
of impression wliieli the phenomena of Natui'e produce 
when they speak for themselvee, and, in weighing the 
arguments presented, he must beg his readers to make 
allowances for this fact. 

Cameeidoe, S^t'^iiier B, 1873. 
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THE NEW CHEMISTRY. 



LECTURE I. 



MOLECULES ASD 



In every pliyeical science wc have carefully to dis- 
tinguish between the facts which form its subject-mat- 
ter and the theories by which we attempt to explain 
these facta, and gi'oiip them in our scientifie systems. 
The first alone can be regarded as absolute knowledge, 
and such knowledge is immutable, except in so far as 
subsequent observation may correct previons eiTor. 
The last are, at best, only guesses at trath, and, even 
in their highest development, are subject to limitations, 
and liable to change. 

Bat this distinction, so obvious when stated, is often 
overlooked in our scientific text-boolis, and not without 
reason, for it is the sole aim of these elementary 
treatises to teach the present state of knowledge, and 
they might fail in their object if they attempted, by a 
too critical analysis, to separate the phenomena from 
the systems by which alone the facts of Nature are 
correlated and rendered intelligible. 

When, however, we come to study the history of 
science, the distinction between fact and theory ob- 
trudes itself at once upon our attention. We sec 
that, while the prominent facts of science have rc- 
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10 MOLECULES ASD AVOGADRO'S LAW. 

maincd the same, its history has been marked by very 
frequent revolutions in its theories or systems. Tlie 
courses of the planets have not changed since they 
were watched hy the Chaldean astronomers, three thou- 
sand years ago ; but how differently have their motions 
been explained — lirst by Hipparchus and Ptolemy, 
then by Copernicus and Keplei', and lastly by Newton- 
and Laplace ! — and, however great our faith in the law 
of univereal gravitation, it is difficult to believe that 
even this gi'and generalization is the final result of 
astronomical eeience. 

Let me not, however, be unde^tood to imply a be- 
lief that man cannot attain to any absolute scientific 
troth ; for I believe that he can, and I feel that every 
great generalization biings him a step nearer to the 
jiromised goal. Moreover, I sympathize with that 
beautiful idea of Oersted, wliieh he expressed in the 
now familiar phrase, " Tlie Icvws of Nature are tite 
tkougJds of Ood;" but, then, I also know that our 
knowledge of these laws ia as yet very imperfect, and 
that our human systems must be at the best but very 
partial expressions of the truth. Still, it is a fact, wor- 
thyof our profound attention, that in each of the physi- 
cal sciences, as in astronomy, the successive great gen- 
eralizations which have marked its pi-ogi-ess havi 
eluded and expanded rather tlian superseded those which 
went before them, Thi'ough the gi-eat revolutions which 
have taken place in the forms of thought, the elements 
of truth in the successive systems have been presei-ved, 
while the error has been as constantly eliminated ; 
and BO, as I believe, it always will be, until the last 
generalization of all brings us into the presence of that 
law which is indeed the thought of God. 

There is also another fact, which has an important 
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ANTICU'ATION IN SCIENCE. U 

bearing on the subject we are considering. Almost 
all the gi'eat generalizations of science have been more 
or less fnlly anticipated, at least in so far that the gen- 
eral tnith which they involve has been previously 
conceived. The Copemican theory was taught, sub- 
stantially, by the disciples of Pythagoras. The law 
of gravitation was snggested, both by Hoolce and 
Cassini, several years before Newton published his 
"Principia;" and the eame general fiiet has been 
recently very markedly illustrated in the discovery of 
the methods of spectrum analysis, every piinciple of 
which had been previonsly announced. The history 
of science shows that the age must be prepared before 
really new scientific truths can take root and gi-ow. 
The baiTen premonitions of science have been barren 
because these seeds of truth fell upon unfruitful soil ; 
and, as soon as the fullness of the time was come, the 
seed has taken root and the frait has ripened. IN"o 
one can doubt, for example, that the law of gi-avitation 
would have been discovered before the close of tlie 
seventeenth century if Newton had not lived; and it is 
equally ti-ue that, had Newton lived before Galileo and 
Kepler, he never could have mastered the difficult 
problems it was his privilege to solve. We justly honor 
with the greatest veneration the true men who, having 
been called to occupy these distinguished places in the 
history of science, have been equal to their position, 
and have acquitted themselves so nobly before the 
world ; but every student is surprised to find how very 
httle is the share of new tnith which even tli« gi'eatest 
genius has added to the previous stock. Science is a 
growth of time, and, though man's cultivation of the 
field is an essential condition of that growth, the de- 
velopment steadily progi'esses, independently of any in^ 
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12 MOLECULES AND AVOGADRO'S LAW. 

dividual inveatigator, however great liis mental power. 
The greatest philosophical generalizations, if prema- 
ture, wUI fall on barren soil, and, when the age is 
ripe, they are never long delayed. The very discovery 
of law is regiilated hy law, or, as we rather believe, is 
directed hy Providence "; but, however we may prefer 
to represent tlie facts, this natural gi'owth of knowl- 
edge gives us the strongest asanrance that the gi'owth 
is sound and the progress real. Although the foun- 
dations of Bcience have been laid ui such obscurity, its 
students have worked under the direction of the same 
guiding power vcliieh rules over the whole of Nature, 
and it cannot he that the etmcture they have reared 
with so much care is nothing but the phantom of a 
dream. Still it is true that, beyond tire limits of direct 
observation, our science ia not infallible, and our theo- 
ries and systems, altliough they may all contain a ker- 
nel of truth, undergo frequent changes, and ai'e often 
revolutionized. 

Through sui^h a revolution the theory of chemistry 
has recently passed, and the system which is now uni- 
versally accepted hy the principal students of the sci- 
ence ia greatly dilfcrent from that which has been 
taught in our schools and colleges until within a few 
years. I have, therefore, felt that the best sei'vice I 
could render in this course of lectures would be to ex- 
plain, as clearly as I am able, the principles on which 
the new philosophy is based, and to show in what it 
differs ft-om the old. I have felt that tliere were many 
who, having studied what we must now call the old 
chemistry, would be glad to bridge over the gidf which 
separates it from the new, and to become acquainted 
with the methods by which we now seek to group to' 
gether and explain the old facts. 
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STARTIKG-rOJNT OF TUE NEW CHEMISTRY. 13 

Those who studied the science of chemistry twenty 
years ago, as it was taught, for example, in tlie works 
of the late Dr. Turner, were gi'eatly impressed with 
the simplicity of the system and the heauty of its no- 
menclature. Until recently the study of the n&w chemis- 
try has heen far less inviting ; since the science has been 
passing throiigh a process of reconstruction, and dis- 
played the imperfections of any half-built edifice ; but 
it has now reached a condition in which it can he pre- 
sented with the unity of a philosophical system. Our 
starting-point in the exposition of the modern chemis- 
try must be the great generalization which is now 
known as the law of Avogadro, or Ampere. This 
law was first stated by Amedeo Avogadro, an Italian 
physicist, in Ibll, and was reproduced by Ampere, a 
French physicist, in 1814. But, although attained 
thns early in the history of our science, this grand 
conception remained bari'en for nearly half a century. 
Ilfow, however, it holds the same place in chemistry 
that the law of gi'avitation does in astronomy, though, 
unlike the latter, it was announced half a centuiy he- 
fore the science was sufficiently mature to accept it. 
The law of Avogadro may be enunciated thus : 

Equal volumes of all suestance8, wnsis in the 
STATE Onr 9AS, AND ' UNDEE LIKE CONDTTIONS, CONTAIN THE 
SAME NTiMBHE OF MOLECULES (Avoffodro, 1811 — Am^h'e, 
1814). 

The enunciation of this law is very simple, but, be- 
fore we can comprehend its meaning, we must under- 
stand what is meant by the term molecule. This 
word is the one selected by Avogadro in the enuncia- 
tion of his law. It is obviously of Latin origin, and 
means simply a UiMe mass of matter. Ampere used in 



loy Google 



14 MOLECULES AND AVOGADltO^S LAW. 

its place tiie vroxA paiidcle, iii pTeciaely the same sense. 
Both words signify the smallest mass into which any 
substance is capable of being subdivided by physical 
processes ; that is, by processes which do not change its 
chemical natm'e. In many of our text-books it is defined 
as the smallest mass of any substance which can exist 
by itself, but both definitions are in essence the same. 

As this is a very unportant point, it must be fully 
illustrated. In the first place, we recognize in ^Nature 
a great variety of different substances. Indeed, on 
this fact the whole science of cliemistry rests ; for, if 
N'ature were made out of a single substance, there 
conld be no chemistry, even if there conld be intel- 
ligences to study science at alh Chemistry deals 
exclusively with tlie relations of different substances. 
Now, these substances present themselves to us under 
three conditions : those of the aoUd, the liguid, and the 
gas. Some substances are only known in one of these 
conditions, others in only two, while veiy many may 
be made to assume all three. Charcoal, for example, is 
only known in the solid state ; a]cohol has never been 
frozen, but can easily be volatilized ; wliile, as every 
one knows, water can most readily be changed both 
into solid ice and into aerifoi'm steam. Let me begin 
with this most familiar of all substances to illustrate 
what I mean by the word molecule. 

When, by boiling under the atmospheric pressm'c, 
water changes into steam, it expands 1,800 times ; or, 
in other words, one cubic inch of water yields one 
cubic foot of steam, nearly. I^ow, two suppositions 
are possible as modes of explaining this change. 

The first is, that, in ex^Danding, the material of the 
water becomes diffused throughout the cubic foot, so 
aa to fill the space completely with the substance we 
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PARTICLES SEPAKATED IN STEAM. 




call water, the resultmg mass of steam being ■^b^olutolv 
homogeneous, so that there is no space within the cubic 
foot, however minute, which does not contain its prop 
er proportion of water. 

The second is, that the cubic inch of ■^^ itei eonsiit'! 
of a certain number of definite particles, ^^ Inch m the 
process of boiling, are not subdirided, '^o that the etibi'' 
foot of steam contains the same mimber ot the same 
particles as the cubic inch of water, the conTeision of 
the one into the other depending simply on the action 
of heat in separating these particles to a gi-eater dis- 
tance. Hence the steam is not absolutely homogene- 
ous ; for, if we consider spaces sufficiently minute, wo 
can distinguish between such as contain a particle of 
water and those which lie between the particles. iN'ow, 
the small masses of water, whose isolation we here as- 
sume, are what Avogadro calls molecules, and, follow- 
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ing his autliority, we ehall designato them liereafter ex- 
clusively by this word. 

The rnde diagrams before you will help me to make 
clear the diiference between the two supijositions I 
have made. In the tirst (Fig. 1), we assume that the 
mateiial of this cubic inch is uniformly expanded 
through the cubic foot. In the other (Fig. 2), we have 
in both volumes a definite number of molecules, the 
only difference being that these dots, which we have 
used to represent the molecules, are more widely separa- 
ted in the one ease than in the other. Now, which of 
these suppositions is the more probable ? Let us sub- 
mit the question to the teat of experiment. 

We have here a glass globe, provided with tlie ne- 
cessary mountings — a stop- cock, a pressure-gauge, and a 
thennometer — and which we will assume has a capacity 
of one cubic foot. Into this globe we will first pour one 
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INTEESPACES IN VAPORS. l? 

cubic inch of water, and, in ordei- to reduce the condi- 
tions to the Esiinplest possible, we ■wiH connect the 
globe with our air-pump, and exhaust the air, al- 
though, as it will soon appear, this ia not neceseary for 
the BuccesB of our experiment. Exposing, next, the 
globe to the temperature of boiling water, all the 
liquid will evaporate, and we shall have our vessel 
filled with ordinary steam. If, now, that cubic foot of 
space is really packed close with the material we call 
water — if there is no break in the continuity of the 
aqueous mass — we should expect tliat the vcipor would 
fill the space, to the exclusion of every thing else, or, 
at least, would fill it with a certain degree of energy 
which must be overcome before any other vapor could 
be forced in. Now, what is the case ? The etop-coclc 
of the globe is so arranged that we can introduce into 
it an additional quantity of any liquid on which we 
desire to experiment, without othei-wiae opening the 
ve^el. If, then, by this means, we add more water, the 
additional quantity thus added wiU not evaporate, pro- 
vided that the temperature remains at the boiling-point. 
Let us next, however, add a quantity of alcohol, and 
what do we find ? Why, not only that this immedi- 
ately evaporates, but we find that just as much alcohol- 
vapor will form as if no steam were present. The 
presence of the steam does not interfere in the least 
degree with the expansion of liquid alcohol into alco- 
hol-vapor. The only difference which we observe is, 
that the alcohol expands more slowly into the aque- 
ous vapor than it would into a vacuum. If, now that 
the globe is filled with aqueous vapor and alcohol- 
vapor at one and the same time, each acting, in all re- 
spects, as if it occupied the space alone, we add a quan- 
tity of ether, we shall have the same phenomena rc- 
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peated. The ether will expand and £11 the space 
with its vapor, and the globe will hold just aa much 
ether- vapor as if neither of the other two were present ; 
and so we might go on, as far as we know, indefinitely. 
There is not here a chemical union between the sev- 
eral vapors, and we cannot in any sense regard the 
space as filled with a compound of the three. It con- 
tains all three at the same time, each acting as if it 
were the sole occupant of the space ; and that this is 
the real condition of things we have the most unques- 
tionable evidence. 

You hnow, for example, that a vapor or gas exerts 
a certain very considerable pressure against the walls 
of the containing vessel. Now, each of these vapors 
exerts its own pressure, and just the same preseiu-e as 
if it occupied the space alone, so that the total pressure 
is exactly the sum of the thi'ee partial pressures. 

Evidently, then, no vapor completely fills the space 
which it occupies, although equally distributed through 
it ; and we can give no eatisfaetoi'y explanation of the 
phenomena of evaporation except on the assumption 
that each substance is an aggregate of particles, or units, 
which, by the action of heat, become widely separated 
from each other, leaving very large intermolecular 
spaces, within which the particles of an almost indefi- 
nite number of other vapors may find place. Pass 
now to another class of facts, illustrating the same point. 

The three liquids, water, alcohol, and ether, are ex- 
panded by heat lihe other forms of matter, but there is 
a striking circumstance connected with these phenom- 
ena, to which I wish to direct your observation. I have, 
therefore, filled three perfectly similar thermometer- 
bulb tubes, each with one of those liquids. The tubes 
are mounted in a glass cell standing before the cou- 
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UNEQUAL EXPANSION IN LIQUIDS. 

denser of a magic lantern, and you see tlieir i 
projected on the Bcreen. You also notice tliat tile 
Iic[uid8 (wl)icli have been colored to make them visible) 
all stand at the same height; and, since both the 
bnlbs and tlie tubes are of the same dimensions, the 
relative change in volume of the inclosed liquids will 
be indicated by the rise or fall of the liquid columns in 
the tubes. We will now fill the cell with warm water, 
and notice that, as soon aa the Leat begins to penetrate 
the liquids, the tliree columns begin to rise, indicating 
an increase of volume ; but notice how unequal is the 
expansion. The ether in the right-hand tube expands 
more than the alcohol in the centi-e, and that again far 
more than the water on the loft. What is true of 
these three hquids is trne in general of all liquids- 
Each lios its o^vn rate of expansion, and the amount in 
any case does not appear to depend on any peculiar 
physical state or condition of the liquid, but is con- 
nected with the nature of the substance, although, in 
what way, we arc as yet wholly ignorant. 

But you may ask: What is there remai'l^ble ia 
this? Why should we not expect that the rate of ex- 
pansion would differ with different substances ? Cer- 
tainly, there is no reason to be surprised at such a fact. 
But, then, the remai'kable cireumstance connected with 
this class of phenomena has yet to be stated. 

Kaise the temperature of these liquids to a point a 
little above that of boiling water, and we shall convert 
all tlu'ec substances into vapor. We thus obtain throe 
gases, and, on heating these aeriform bodies to a still 
higher temperature, we shall find that, in this new con- 
dition, they expand far more rapidly than in the liquid 
state. But we shall also find that the influence of tlie 
nature of the substance on the phenomenon lias wholly 
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I, and that, in the aeriform condition, these 
substances, and in general all stibstances, expand at the 
same rate nnder like conditions. 

Why, now, this difference between the two states 
of matter? If the matenal iills space as completely in 
the aerifonn as it does in the liquid condition, then we 
cannot conceive why the nature of the substance should 
not have the same influence on the phenomena of ex- 
pansion in both cases. If, however, matter is an ag- 
gregate of definite small masses or molecules, which, 
while comparatively close together in the liquid state, 
become widely separated when the liquids are 
verted into vapor, then it is obvioiia that the action of 
the particles on each other, which might be consider- 
able in the firet state, would become less and less as 
the molecules were separated, until at last it was inap- 
preciable ; and if, further, as Avogadro's law assumes, 
the nmnber of these particles in a given space is the 
aamo for all gases under the same conditions, then it is 
equally obvious that, there being no action between 
the particles, all vapors may be regarded as aggregates 
of the same number of isolated pai-ticles similarly 
placed, and we should expect that the action of heat 
on such similar masses would be the same. 

Thus these phenomena of heat almost force upon 
us the conviction that the various forms of matter we 
see around us do not completely fill the spaces which 
they appear to occupy, but consist of isolated particles 
separated by comparatively wide intervals. There are 
many other facts which might be cited in support of 
the same conclusion ; and among these two, which are 
more especially wortliy of your attention, because they 
aid us in forming sonio conception of tlio size of the 
molecules themselves. 
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If this mass of glass is perfectly homogeneous — if 
the vitreous substance completely fills its allotted space, 
and there is no break whatever in the continuity of 
the material — then you would expect tliat its physical 
relations would not depend at all on the size of the 
surface affected. Suppose you wished to penetrate it 
with a fine wire. The point of this wire, however 
small, would not detect any difference at different 
points of the eiirfaee. Assume, however, that it con- 
sists of masses separated by spaces, like, for example, 
this sheet of wire netting. Then, although the surface 
would seem perfectly homogeneous to a bar large 
enough to cover a number of mesh^, it would not bo 
found to be by any means homogeneous to a wire 
which was email enough to penetrate the meshes. If, 
now, there are similar interstices in this mass of glass, 
we should expect that, if our wire were small enough 
(that is, of dimensions corresponding to the interstices), 
it would detect diff'erences in the resistance at different 
points of this glass surface. 

Make, now, a further supposition. Assmne that 
we have a number of these wires of different sizes, the 
largest being twice as stout ae the smallest. It is oV 
vions that, if the interstices we have assumed were, say, 
several thousand times larger than the largest wire, all 
the wires would meet with essentially the same oppo- 
sition when thrust at the glass. If, however, tlie inter- 
stices were only four or five times larger than the wires, 
then the larger woidd encounter much greater resist- 
ance from the edges of the meshes than the smaller. 

It is mmeeessary to say that no physical point can 
detect an inequality in the siufaee of a plate of glass, 
but we have, in what we call a beam of light, an agent 
which does find a passage through its mass. Now, it 
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is perfectly tnie that we have do absolute knowledge 
of the nature of a beam of light. We have a very 
plausible theory that the phenomena of light are the 
effects of waves transmitted through a highly-elastic 
medium we call ether, and that, in the ease of our plate 
of glass, the motion is transmitted through the ether, 
which fills the interstices between the molecules of this 
transparent solid ; but we have no right to assume this 
theory in onr present discussion. 

Indeed, I cannot agree with those who regard the 
wave-theory of light as an established priDciple of 
science. That it is a theory of the v^i-y highest value 
I freely admit, and that it haa been able to predict the 
phases of luiknown phenomena, whieli expei-iment lias 
subsequently brought to light, is a well-known fact. 
All this is ti'ue ; but then, on the other side, the theory 
requires a combination of qualities in tlie ether of space, 
which I find it difficult to believe are actually realized. 
For instance, the rapidity with which wave-motion is 
transmitted depends, other things being equal, on the 
elasticity of the medium. Assuming that two media 
have the same density, their elasticities are proportional 
to the squares of tlie velocities with which a wave trav- 
els. The velocity of the sound-wave in air is about 
1,100 feet a second or ^ of a mile, that of the light- 
wave about 193,000 miles a second, or about one million 
times gi'eater; and, if we take into account certain 
causes, which, though they tend to increase the velocity 
of sound, can have no eifect on the luminiferous ether, 
the difference would be even gi'cater than this, 

Now, were the density of the ether as gi'eat as that 
of the atmosphere (say ^ of a grain to the cubic inch), 
its elasticity or power of resisting pressure would be a 
million square, or a million million times that of the 
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atmosphere. But, as you well know, the atmosphere 
can resist a pressure of about Hfteen pounds to the square 
inch ; hence the ether, when equally dense, wonM re- 
sist a pressure of fifteen million million pounds to the 
square inch, or, making the correction refei-red to 
above, seventeen million million pounds to the square 
inch. Of course, snch numbers convey no impression, 
except that of vast magnitude ; and you will obtain a 
clearer idea of the power when I tell you that this 
pressure is about the weight of a cubic mile of granite 
rock. Here is a glass cylinder filled with air, and here 
a piston which just fits it. The area of the piston is 
about a square inch — we will assume that it is exactly 
that. If we put a weight of fifteen pounds on the top 
of the piston, it will descend just half-way in the tube, 
and the air will be condensed to twice its normal 
density. Now, if we had a cylinder and piston, ether- 
tight as this is au'-tight, and of sufficient strength, and, 
if we put on top of it a eutic mile of gi'anite rock, it 
would only condense the ether to about the same den- 
sity as that of the atmosphere at the surface of the 
earth. Of couj^e, the supposition is an absurdity, for 
it is assumed that the ether pervades the densest solids 
. as readily as water does a sponge, and could not, there- 
fore, be confined ; but the illusti-ation will give you an 
idea of the nature of the medium which the undulatory 
theory assiimes. It is a medium so thin that the earth, 
moving in its orbit 1,100 miles a minute, suffers no per- 
ceptible retardation, and yet endowed with an elasticity 
in proportion to its density a million million times 
greater than air. 

Whether, however, there are such things as waves 
of ether or not, there is something concerned in the 
phenomena of light which has definite dimensions, that 
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have been measured with as much aceuraey as the di- 
mensions of astronomy, although they are at the oppo- 
eite extreme of the scale of magnitude. We represent 
these dimensions to our imagination as wave-lengths, 
that is, as the distances from crest to' crest of our aa- 
enmed ether-waves, and we shall lind it difficult to 
think clearly upon the subject without the aid of this 
waye-theory, and every student of physics will bear me 
out in the statement that, though onr theory may be a 
phantom of our scientific dreaming, these magnitudes 
must be the dimensions of something. Hero they are : 

Dimensions of 



...ons. 


ono inch." 


Id one second. 




39,000 
42,000 
44,000 
47,000 

64^000 
BY.OOO 
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ludigo 


668,000,000,000,000 







You know that the sensation we call white light is 
a very complex phenomenon, and is produced by rays 
of all colors acting simultaneously on the eye. A very 
pretty experiment will illustrate this point. I have 
projected on the screen the image of a circular disk 
made of sectors of gelatine-paper, variously colored. 
By means of a very simple apparatus, I can revolve the 
disk, and thus cause the several colors to succeed each 
other at the same point with great rapidity, and you 
notice that the confused effect of the different colors 
produces the impression you call white, or, at least, 
neiij'ly that. 

The simbeam produces the same impression, be- 
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cause it contains all these colored rays ; and, if we pass 
it through a prism, the several raja, heing bent mx- 
equally by the glass, diverge on emerging, so that, if 
we receive the beam thus divided on a screen placed at 
a sufficient distance, we obtain that magnificent band 
of blending hues we call the solar spectrum. 

To each of the colored rays which fall along the 
hne of the spectrum coiTespondB a definite wave- 
length. In the diagram, wo have given the wave- 
lengths, corresponding to only a few selected points, 
one in each coloi;, and marked in the solar spectrum 
itself by certain remarkable dark lines by which it 
is crossed. These values always create a smile with 
a popular audience, which makes it evident that, by 
those unfamiliar with the subject, they are looked upon 
as mirealif not absurd. But this is a prejudice. In 
our universe the very small is as real as the very 
great; and if science in astronomy can measure dis- 
tances so great that this same swift messenger, light, 
traveling 192,000 miles a second, requires years to 
cross them, wo need not be surprised that, at the other 
end of tlie scale, it can measure magnitudes like these. 

Let not, then, these numbers impair your confidence 
in our results ; but remember that the microscope re- 
veals a universe with dimensions of the same order of 
magnitude. Moreover, the magnitudes with which we 
are here dealing are not beyond the limits of mechani- 
cal skill. It is possible to rule lines on a plate of glass 
so close together that the bands of fine lines thua ob- 
tained cannot be resolved even by the most powerful 
microscopes ; and I am informed that the German opti- 
cian, Nobert, has ruled bands containing about 234,000 
lines to the inch. He regularly makes plates with 
bands consisting of from about 11,000 to 112,000 lines 
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to tlie inch. These bands are numbered from the 1st 
to the 19th, and are used for microscopic tests. I am 
indebted to our friend Mr. Stodder for the opportii- 
nity of exhibiting to you a beautiiul photograph of the 
19th band, Cunt, mm^ o-vei 112 000 hues to the inch 
(Fig. 3). The pi otograph was made with one of ToUes's 




mieroscoj c an 1 i ly n ic J^fcop t w 11 tell yon that to 
resolve this band is a gieat tiiumph of art, and that 
you could have no better evidence of the skill of our 
eminent optician than this photograph affords. In 
projecting the image on the screen, some of the shai'p- 
ness is lost, but I think the separate lines of the band 
must be distinctly visible to all who are not too far oiF. 
Now, the distance between the lines on the original 
plate is not very different from one-lialf of the mean 
length of a wave of violet light, or one-third of a wave- 
length of red light ; and, what is still more to the pur- 
pose, these very bands give us the means of measuring 
the dimensions of the waves of light themselves. Evi- 
dently, then, the dimensions with which we are dealing 
are not only conceivable, hut wholly within the range 
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of our perceptions, aided as tliey have been by the ap- 
phaiices of modem science, 

But, to return to my argument: these values, if 
they are not wave-lengths, are real magnitndes, which 
differ from each other in size just as the above measure- 
ments show. Moreover, we have reason to believe that 
the various color-giving rays differ in nothing else, and 
it is certain from astronomical evidence that they all 
pass through the celestial spaces witli the same velocity. 
Now, when a beam of light enters a mass of glass, not 
only does its velocity diminish, but, what is more re- 
markable, the different rays assume at once different 
velocities, and, according to the well-known principles 
of wave-motion, the unequal bending that results is 
the necessary effect of the unequal change in velocity 
which the rays experience. But, if the material of the 
glass were perfectly homogeneous throughout, it is im- 
possible to conceive, either on the wave theory or any 
other theory of light we have been able to foiin, how 
a mere difference in size in what we now call the 
luminous waves should determine this unequal velocity 
with the accompanying difference of refi-angibility, and 
the fact that such a difference is produced is thought 
by many to be strong evidence that there is not an ab- 
solute continuity in the material ; in fine, that there are 
interstices in the glass, although tliey are so small that 
it requires the tenuity of a ray of light to detect them. 

Still we cannot make our conceptions the measure 
of the resources of Nature, and I, therefore, do not 
attach much value to this additional evidence of the 
molecular structui-e of matter. But the importance of 
these optical phenomena lies in this, that, assuming 
the other evidence sufficient, they give ns a rough 
measm'e of the size of the molecules. For, as is evident 
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from OTir iUusfcration with the wire meshes, the size ot 
the molecular spaces cannot bo very difFerent from that 
of the waves of light. Our diagram shows that the red 
wares are only half as long again as the violet, and if 
the moleenlar spaces were, eay, either ten thonsand 
times larger or ten thousand times smaller than the 
mean length, the glass could produce no appreeiahle 
difference of effect on the different colored rays. We 
ai-e thns led to the result that, if the glass is an aggre- 
gate of molecules, the magnitude of these molecules'is 
not very different from the mean length of a wave, of 
light. Accepting the undulatory theory of light, we 
can submit the question, as Sir WiUiam Thompson has 
done, to mathematical calculation ; and the result is that, 
though tlie effects of dispersion could not be produced 
unless the size of the molecules were far less than that of 
the wave-lengths, yet it is not probable that the size is 
less than say ^w.TF^ v .Tnr ff of ^^ ii^ch- 

Before closing the lecture, allow me to dwell, for a 
few moments, on the second of the two classes of facts 
for which I have already bespoken your attention, since 
tliey confii-m the results we have just reached, in a most 
remarkable manner. Every one has blown soap-bub- 
bles, and is familiar with the gorgeous hues which they 
display. Many of you have doubtless heard that blow- 
ing soap-bubbles may be made more than a pleasant 
pastime, and I will endeavor to show how it can be 
made a philosophical experiment, capable of teaching 
some very wonderful tmtlis. It is almost impossible 
to show the phenomena to which I refer to a large 
audience, and I cannot, therefore, feel any confidence 
in the success of the experiment which I am about to 
tiy ; biit I will show how you can all make the experi- 
' Tlie meoa distance between the centres of coutiguoua molecules. 
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ment for yourselves. And, first, I nrnet tell you how 
to prepare the soap-suds, 

Procare a qnart-bottle of clear glass and some of the 
best ■white eastile-aoap (or, still better, pure palm-oil 
soap). Cut the soap (about four ounces) into thin shav- 
ings, and, having put them into the bottle, fill tliis up 
■with distilled or rain-TPater, and shake it well together. 
Repeat the shaldng until you get a satiu'ated solution 
of soap. If, on standing, the solution settles perfectly 
clear, you are prepared for the next step ; if not, pour 
off the liquid and add more water to the same shav- 
ings, shaking as before. The second trial will hardly 
fail to give yoii a clear solution. Then add to two 
volumes of soap-solution one volume of pure, con- 
centrated glycerine, 

Those who are near can sec what grand soap-hubblea 
we can blow with this preparation. The magnificent 
colors which are seen playing on this thin film of water 
are caused by what we call the interference of hght. The 
color at any one point depends on the thickness of the 
film, and by varying the conditions we can show that 
this is the case, and make these effects of color more 
regular. For this purpose I will pour a little of the 
soap-solution into a shallow dish, and dip into it the 
open mouth of a common tumbler. By gently raising 
the ti'unbler it is easy to bring away a thin film of 
the liquid covering the mouth of the glass. You can 
all easily make the experiment, and study at your lei- 
sure the beautiful phenomena which this film presents. 
To exhibit them to a large audience is more difficult, 
but I hope to succeed by placing the tumbler before 
the lantern in such a position that the beam of light 
will be reflected by the film upon tho screen, and then, 
ou interposing a lens, we have at once a distinct image 
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of the fllm. Success now depends on our keeping 
perfectly still, as the slightest jar would be sufficient 
to break this wonderfully delicate liquid membrane. 
See I the same brilliant hues which give to the soap- 
hubhle its beauty are beginning to appear on our fibn, 
but notice that they appear in regiilar bands, crossing 
the film horizontally. As I have already stated, the 
color at any point depends on the thickness of the 
film, and, as it is here held in a vertical position, it is 
evident that the effect of gravity must be to stretch 
the liquid membrane, constantly thinning it out, be- 
ginning from the upper end — which, however, it must 
be remembered, appears on the screen at the lower end, 
since the lens inverts the image — and notice that, as 
the film becomes thinner and thinner, these bands 
of color which coiTespond to a definite thickness move 
downward, and are succeeded by others corresponding 
to a thinner condition of the film, which ^ve place 
to still others in their tm-n. These colors are not 
pure colors, but the effect is produced by the over- 
lapping of very many colored bands, and, in order to 
reduce the conditions to the simplest possible, we must 
use pure colored light — monochromatic light, as we 
call it. Such a light can be produced by placing a 
plate of red glass (colored by copper) in front of the 
lantern. At onee aU the partieolors vanish and we 
have merely alternate red and dart bands. Watch, 
now, the bands as they chase each other, as it were, 
over the iilm, and notice that already new bands cease 
to appear, and that a uniform light tint has spread over 
the upper half (lower in the image) of the surface. 
Now comes the critical point of our experiment. If 
the film is in the right condition so that it can be 
stretched to a sufScient degree of tenuity, this light 
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tint will be sueeeeded by a gray tint, .... and there 
it appears in irregular patcliesat the upper border. But 
in an instant all has vanished, foi' the film lias broken, 
as it always breaks, soon after tlie gray tint appears. 




Having now seen the phenomuna, yon will be bet- 
tei" prepared to appreciate the strength of the ar- 
gument to which I now have to ask your careful 
attention. You know that the red and dark bands 
seen in the last experiment, when we used the red 
glass, are caused by the interference of the rays of 
light, which are reflected from the opposite surfaces 
of the film. It is evident that the path of the rays re- 
flected from the back sui'face must be longer than that 
of those reflected from the fi-ont surface by just twice 
the thickness of this film of \yater ; and, as Prof. 
Tyndall has so beautifully shown you in the course of 
lectures just finished, whenever this difi'erence of path 
brings the crests of the waves of one set of rays over 
the troughs of the second set, wc obtain this won- 
derful result — that the union of the two beams of light 
produces darkness. It would, at fii'st sight, seem tliat 
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such a result must be produced in tlie case of our 
film whenever its thielmess is equal to i, ^, f , ^, or any 
odd number of Iburtlis of tlie length of a wave of red 
light, and this would be the case were it not for the 
circumstance that, in consequence of certain mechani- 
cal conditions, the rays of light reflected from the back 
of the film lose one-half of a wave-length in the very 
act of reflection. But, without entering into details, 
which have been so recently and so beautifully illus- 
trated in this place, let mo call your attention to tliis 
diagram, which tells the whole story : 



reflected IVom buck- 



Gray film 

Light film 

First dark band 

First light band 

Second durk band.. , 
Second light band. . . 
Third dark iMnA, . . 
Third light band... 
Fourth dark band. . . 
Fourth light band , . . 



« 



LcE3 than i nave-length. 



You thus see that the theoiy of light enables us to 
measure the thickness of the film, and we know that 
where that gray tint appeared in our experiment the 
thielmess of the film was less than ^ of the length of 
a wave of red light, or less than -oV.iTrir of an inch, and 
no wonder that the film broke when it reached such a 
degree of tenuity as that. 

But, having followed me thus fai', and being assured, 
as I hope you are, that we arc on safe ground, and tallying 
about what we do know, your curiosity will lead you 
to inquire whether we can stretch the film any farther. 

Tlie facts are that, after the appearance of the gray 
tint, although the film evidently stretches to a limited 
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extent, it veiy soon breaks. Practically, then, we can- 
not atreteh it beyond this point to any great extent; 
but why not ? Theoretically, if the material of water 
is perfectly homogeneous, there would seem to be no 
good reason why it should not be capable of an in- 
definite extension, and why this flhn could not be 
stretched to an indelinite degree of attenuation. As- 
sume, however, that water consists of molecules ot a 
definite size, then it is evident that a limit would be 
reached as soon as the thickness of the film was re- 
duced to the diameter of a single molecule. Obvi- 
ously we could not stretch the film beyond this with- 
out increasing the distance between the moleeuleB, and 
thus increasing the total voliune of the watei". Now, 
there is evidence that, when the gray tint appears, 
we are approaching a limit of this sort. It is hardly 
necessary to say that we cannot separate, to any con- 
siderable extent, the molecules of water from each 
other — that is, increase the distance between them — 
without changing the liquid into a gas, or, in other 
words, converting the water into steam, and the only 
way in which we can produce this effect is by the 
application of heat. The force required is enoi'mous, 
but the force exerted by heat is adequate to the work, 
and it is one of the triumphs of onr modem science 
tbat we have been able to measure this force, and re- 
duce it to our mechanical standard. In order to pull 
apart the molecules of a pound of water, that is, con- 
vert it into steam, we must exert a mechanical power 
which is the equivalent of 822,600 foot-pounds, tliat . 
is, a power which would raise nearly four tons to the 
height of one hundred feet, and, as we can readily esti- 
mate the weight of say one square-inch of our film, we 
know the force which would be requhed to pull apart 
the molecules of which it consists. 
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Again, on the other hand, eingular as it may seem, 
we have been able to calculate the force which is re- 
quired to stretch the film of water. This calculation is 
based on the theory of capillary action, of wliich the 
soap-bubble is an example. Moreover, to a cei-tain 
limit, we are able to measwe experimentally the force 
requhed to stretch the film, and we find that, as far as 
om' experiments go, tlie theory and the experiments 
agree. Our exjieriments necessarily stop long before 
we reach the limit of the gi'ay film ; but our theory is 
not thus limited, and we can readily calculate how 
gi'eat a force would be required to stretch the film 
until the thickness was reduced to the inRr.T>^Tr,Tm "^ ^^ 
inch ; that is, the ■g.^^ofthetliieknessof the light film, 
or tlie ys.^D of a wave-length. Now, the force required 
to do tliis work is as gi'eat as that requu'ed to pull 
apart the molecules of the water and convert the liquid 
into vapor. It is therefore probable that, before sncli a 
degree of tenuity can be attained, a point would be 
reached where tha fihn had the thielmess of a single 
molecule, and that, in sti'etching it fiu'ther, we should 
not reduce its thickness, but merely draw the molecules 
apart, and, thus overcoming the cohesion which deter- 
mines its liquid condition, and gives strength to the 
film, convert the liquid into a gas. 

There ai'e many other physical phenomena which 
point to a similar limit, and, unless there is some fal- 
lacy in om' reasoning, this limit would be reached at 
about the ■a-jnj-.irifr.^Tnj ^^ ''^ inch. Moreover, it is wor- 
thy of notice that all these phenomena point to veiy 
nearly the same limit. I have great pleasure in refer- 
ring you, in this connection, to a very remarkable pa- 
per of Sir William Thompson, of Glasgow, on this sub- 
ject, which, appearing first in the English scientific 



loy Google 



DIMENSIONS OP MOLECULES. S5 

weekly called Wature, was reprinted in SUlitnmCs 
Journal of July, 1870. He fixes tlie limits at between 
*^« i3-ffiT,irF<r,TnRr and the ^.Tnnr.^.aTnr of an indi, and, in 
order to give eome conception of the degree of coaree- 
grainednees (as he calls it) thus indicated by the stmet- 
ure, he adds that, if we conceive a sphere of water as 
large as a pea to be magnified to the size of the earth, 
each molecule being magnified to the eaino extent, the 
magnified structure would be coarser-grained than a 
heap of small lead shot, but less coarse-grained than a 
heap of cricket-balls. 

These coneiderationa will, I hope, help to show you 
how definite the idea of the molecule has become in the 
mind of the physicist. It is no longer a metaphysical 
abstraction, but a reality, about which he reasons as 
confidently and as suceeBsfully as he does about the plan- 
ets. He no longer connects with this term the ideas 
of infinite hardness, absolute rigidity, and other in- 
credible assumptions, which have brought the idea of a 
limited divisibility into disrepute. His molecules are 
definite masses of matter, exceedingly small, but still 
not immeasurable, and they are the points of applica^ 
tion to which he traces the action of the forces with 
which he has to deal. These molecules are to the physi- 
cist real magnitudes, which are no further removed 
from our ordinary experience on the one side, than are 
the magnitudes of astronomy on the other. In regard 
to their properties and relations, we have certain defi- 
nite knowledge, and there we rest until more knowledge 
is reached. The old metaphysical question in regard to 
the infinite divisibility of matter, whieli was such a sub- 
IJect of controversy in the last century, has nothing to do 
with the present conception. Were we small enough 
to he able to grasp the molecules, wc might be able to 
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split them, and so, were we large enougli, wo might be 
able to crack the earth ; but we have made sufficient 
advance since the days of the old controversy to know 
that questions of this sort, in the present state of knowl- 
edge, are both irrelevant and absurd. The molecules 
are to the physicist definite units, in the same sense 
that the planets are units to the astronomer. The ge- 
ologist tears the earth to pieces, and so does the chem- 
ist deal with the molecules, but to the astronomer the 
earth is a imit, and so is the molecule to the physicist. 
The word molecule, which means simply a small mass 
of matter, expresses our modem conception far better 
than the old word atom, which is derived from the 
Greek a, privative, and rifivo), and means, therefore, in- 
divisible. In the paper just referred to, Sir W. Thomp- 
son used the word atom in the sense of molecule, and 
tliis must be borne in mind in reading his article. We 
shall give to the word atom an utterly different signifi- 
cation, which we must be careful not to confound with 
that of molecule. In our modem chemistry, the two 
terms stand for wholly different ideas, and, as we shall 
see, the atom is the unit of the chemist in the same 
sense that the molecule is the unit of the physicist. 
But we will not anticipate. It is sufficient for the pres- 
ent if we have gained a clear conception of what the 
word molecule means, and I have dwelt thus at length 
on the definition because I am anxious to give you the 
same eleai- conviction of their existence which I have 
myself. As I have said before, they are to me just as 
much real magnitudes as the planets, or, to use the 
words of Thompson, " pieces of matter of me^urable 
dimensions, with shape, motion, and laws of action, in- 
telligible subjects of scientific investigation." ' 

1 See Lecture ou MolteuioB, bj Prof. MaswcU, JVuture, Sept. 25, 4873, 
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In my first lecture I endeavored to give you some 
conception of the meaning of the word moleenle, and this 
meaning I illustrated by a number of phenomena, which 
not only indicate that molecnlea are real magnitudes, 
hut wliich also give us some idea of their abeoluto size. 

Avogadro's law declares that all gases eontaia, un- 
der like conditions of temperature and pressure, the 
same mimher of molecules in the same volume ; and, 
if wc can rely on the calculations of Thompson, which 
are based on the well-known theorem of molecular me- 
chanics deduced by Clausius, this number is about one 
hundred thousand million million milHon, or KP to a 
cubic inch. Of course, m the volume of a given quan- 
tity of gas vaiies with its temperature and pressure, the 
number of molecules contained in a given volume must 
vary in the same way; and the above calculation is 
based on the assumption that the temperature is at the 
freezing-point, and the pressure of the air, as indicated 
by the barometer, thirty inches. The law only holds, 
moreover, when the substances are in the condition of 
perfect gases. It does not apply to solids or liquids, 
and not even to that half-way state between liquids and 
gases which Dr. Andrews has recently so admirably 
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defined. In the state of perfect gas, it is assumed that 
the molecules are bo widely separated that they exert 
no action upon each other, but the moment the gas is 
so far condensed that the molecules are brought within 
the sphere of their mutual attiaction, then, although the 
aeriform state ie still retamiid, we no longer find that 
the law rigidly holds ; and 
when, by the condensation, 
the state of the substance is 

chmged to that of a liquid 

il HhHI "^^ ^ solid, all traces of the 

1 1 liim ^^^ disappear. In order 

1 f llll; ^^^'^^ J**^ may gain a clear 

(■ jtHR coni,cption of this relation, 

1 fljjl I shall ask your attention in 

' I thib lecture to the explana- 

_'i ti u which our molecular 

El ■lau"'" thi^oiy gives of the char- 

ictenstic properties of the 

thiee conditions of matter, 

the gns, the liquid, and the 

solid. "We begin with the 

gas because its mechanical 

ondition is, theoretically at 

Ic bt by far the simplest of 

tlie three. 

Every one of my audi- 
ence must be taniiliar with 
the ficfc that every gas is in 
a stxte of constant tension, 
tending to expand indefi- 
*'"■ ^ ^" " nitely into space. In the 

case of our atmosphere, this tension is so great that the 
air at the level of the sea exerts a pressure of between 
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fourteen and fillieen pounds on every square ineli of 
surface — about a ton on a square foot. 

It is tliis pressure wliieli sustains the column of 
mercury in the tube of a barometer (Fig. 5} ; and since, 
by the laws of hydrostatics, the height of this column 
of mercury depends on tlie pressure of the air, rising 
and falling in the same proportion as the pressure in- 
creases or diminishes, we use the barometer as a meas- 
m-e of the pr^sure, and, instead of estimating its amount 
aa BO many pounds to the square inch, we more fre- 
quently describe it by the height in indies (or centi- 
metres) of the mercury-column, which it is capable of 
sustaining in the tube of a barometer. The tension of 
the air is balanced by the force of graTJtation, in con- 
sequence of which the lower stratum of the aii' in which 
we live is pressed upon by the whole weight of the su- 
perincumbent mass. The moment, however, the ex- 
ternal pressure is relieved, the peculiar mechanical con- 
dition of the gas becomes evident. 

Hanging under this large glass receiver is a small 
rubber bag (a common toy balloon), partially dis- 
tended with air (Fig. 6). The air confined within tlie 
bag is exerting the great tension of which I have spo- 
ken, but the mass remains quiescent, because this ten- 
sion 18 exactly balanced by the pressiue of the atmos- 
phere on the exterior surface of the bag. Yon see, how- 
ever, that, as we remove, by means of this air-pump, 
the air from the receiver, and thus relieve the external 
pressure, the bag slowly expands, until it almost com- 
pletely fills the bell. There can, then, be no doubt that 
there exists within this mass of gas a great amount of 
energy, and since this energy exactly balances the at- 
mospheric pressure, it must be equal to that pressure. 

But I wish to show you more than tliis, for not only 
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is it true that the hflg expands as the pressure is relieved, 
but it is also true that the gas in the bag expands in 
' f the same proportion as the external preesui'e 




Fia. fi.— ExpandlDg Bag unite 



diminishes. In order to prove this, I will now place 
under this same glass one of those small gasometers, 
which are used by the itinerant showmen in our streets 
for measuring what thej call the volume of the lungs, 
while under this tall bell at the side I have arranged a 
barometer-tube for meaauring the external pressure. 
The two receivers are connected together by rubber 
hose, eo as to form essentially one vessel, and both are 
connected with the air-pump. 

We will begin by blowing air into the gasometer 
until the scale marks 100 cubic inches, and, noticing 
after adjusting the apparatus that the barometer stands 
at 30 inches, we will now proceed to exhaust the air, at 
the same time carefully watching the barometer. . . . 
It has now fallen to 15 inches ; that is, the pressure on 
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the outside of the gasometer has been redneed to one- 
half, and the scale of the instrument shows me that the 
volume of the air in the interior has become 200 cubic 
inchea ; that is, has doubled. But let ns continue the 
exhaustion. . , . The barometer now marks 10 inches, 
showing that the pressure has been reduced to one- 
third. The gasometer now contains 300 cubic inches 
of g^. The volume, then, has trebled. . . . Pushing 
the experiment still further, we have now the barome- 
ter standing at 7^ inches, and the scale of the gasome- 
ter shows that the volume of the inclosed an* has be- 
come 400 cubic inches. The pressure has been reduced 
to one-fourth, and the volume of the air has quadrupled ; 
and so we might go on. , . . Let, now, the atmosphere 
reenter the apparatus, and at once the air in the gas- 
ometer shrinks to its original volume, while the barome- 
ter goes back to 30 inches. 

We might next take a condensing-pump, and, ar- 
ranging our apparatus so as to resist the ever-increasing 
pressure, as the air was forced into the receivers, we 
should And that, when the barometer marked 60 inches, 
the scale of the gasometer would show 50 cubic inches, 
and that, when the mei'cury column had risen to 120 
inches, the air in the gasometer would have shrunk to 
25 cubic inches ; and so on. There are, howevei-, ob- 
vious mechanical difficulties, which make this phase of 
the experiment unsuitable for a large lecture-room, and 
what we have seen is sufficient to illustrate the general 
principle which I wished to enforce. The principle, 
in a few words, is this : 

T}i£ iiolwme of a confined mass of gas is mverselypro- 
portiional to the presswre to which it is &q)osed ; the 
smaller the jyressure the larger the votu/me, a/nd the 
less the voki/me. 
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This principle holds true not only with air, but 
also with every kind of aeriform matter. If, instead 
of using that niixttu'e of oxygen and nitrogen we call 
air, we bad introduced into the gasometer 100 cubic 
inches of pure oxygen or of pui-e nitrogen, or of any 
other true gas, we should have obtained precisely the 
same effect. The results of the experiment are not in 
the least degree inflnenced by the natui'e of the gas 
employed ; and, assuming that we start with the same 
gas-volumes, the resulting volumes are the same at each 
stage of tbe experiment. In every case tlie volume 
varies inversely as the pressure. The principle thus 
developed ia one of the most important laws of physical 
science. It was discovered by the chemist Boyle in 
England in 1663, and verified by the AbbI Mai-iotte 
in Prance somewhat later, and is by some called the 
law of Mariotte, and by others the law of Boyle. 

This law of Mariotte or Boyle is most closely related 
to the law of Avogadro. The one law is found to hold 
just as far as the other, and any deviation froni the 
one is accompanied by a corresponding deviation from 
the other. So close, indeed, is the connection, that we 
cannot resist the conviction that the two laws are 
merely difi:erent phases of one and the same condition 
of matter ; and our molecular theory explains this con- 
nection in the following way : 

The molecules of a laody are not isolated masses in 
a fixed position, all at rest, but, like the planets, they 
are in constant motion. In a gas this motion is sup- 
posed to take place in straight lines, the molecules 
hurrying to and fro across the containing vessel, strik- 
ing against its walls, or else encountering their neigh- 
bors, rebounding and continuing on tlieir course in a 
new direction, accoi-ding to the well-known laws which 
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govern the impact of elastic bodies. Of course, in eucli 
a system, all the molecules are not moving with the 
same velocity at the same time ; but they have a cer- 
tain mean velocity, which determines what we call the 
temperature of the body, and the higher the tempera- 
tore the greater is this mean velocity ; moreover, the 
mean velocity of the molecules of ea«h substance is 
always the same at the same temperature. It varies, 
however, for different substances, and, for any given 
temperature, the less the density of the gas the greater 
is this Telocity, although, as we shall hereafter see, the 
velocities of the molecules of two different gases are 
inversely proportional, not simply to their densities, 
but to the square roots of these quantities. Wc are 
able to calculate for each gas at le^t approximately 
what this velocity must be for any temperature, and, in 
the case of hydrogen gas, the value at the temperature 
of freezing water is about 6,097 feet per second. The 
internal energy, therefore, in a pound of hydrogen gas 
at the freezing-point is as great as that of a poimd-ball 
moving 6,097 feet per second, and the energy in an 
equal volume (a little over 6.6 cubic yards when the 
barometer is at 30 inches) of any other true gas is 
equally great under the same conditions; a greater 
molecnlar weight compensating in every case for a less 
molecnlar velocity. Let ns now bring together the 
two remarltable results already reached in this lecture. 

One cnUe mch of ecery gas, when the harometer 
m&rjcs 30 iriches, and the thermometer 32° Fahir.^ con- 
tains 10^ molemdes. 

Meam, 'peloBity of hyd/togen m.olemles, under same 
condMions, ^,0^^ feet per second. 

It is evident, then, that eveiy mass of gas must 
contain a large amount of internal energy, and this 
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cuorgj is made manifest in many ways, especially 
in wliat we call the permanent tension of the gas. 
Every eiu'faee in contact with a mass of gas is be- 
ing constantly bomtarded by tbe molccnles, and hence 
the great pressure which results. Now, it can easily 
be seen that, if the volume of the gas is diminished— 
that is, if the same nnmber of molecules are crowded 
into a less space — they wiU strike more frequently 
against a given surface, and therefore exert a greater 
pressure. Moreover, it can readily be proved, although 
the mathematical demonstration would be out of 
place in a popular lecture, that the pressure must lie 
inversely as the volume ; in other words, that tlie law 
of Mariotte is the necessary result of the molecular 
condition we have described. 

Another effect of molecular motion is that condi- 
tion of matter which the word temperature, just used, 
denotes. There are few scientific teims more difficult 
to define than this common word temperature. In 
ordinary language we apply the tei-ms hot or cold to 
other bodies according as they are in a condition to 
impart heat to, or abstract it from, our own, and the 
varions degrees of hot or cold are what we call, in gen- 
eral, temperature. Two bodies have the same temper- 
ature if, when placed together, neither of them, gives or 
loses heat; and, when, under the same conditions, one 
body loses while the other" gains heat, that body which 
gives out heat is said to have the higher temperature. 

Increased temperature tested in this way is found 
to be accompanied by an increase of volume, and we 
employ this change of volume as the measure of tem- 
perature. This is the simple principle of a thermome- 
ter. The essential part of this instrument is a glass 
bulb, connected with a fine tube, and filled with mer- 
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cury to a variable point in the stem. The least change 
in the volume of the mercury is indicated by the rise 
of the column in the tube. Primarily, the thermome- 
ter is a very delicate measure of the chauge of volume 
of the inclosed liquid ; secondarily, it becomes a meas- 
ure of temperatm-e. You know how the thermometer 
is graduated. ~Wo plunge it into a mass of melting ice 
and marli the point to which the mercury fells, and 
then we immerse it in free steam, and mark the 
point to which the column rises. We now divide tlae 
distance between tliese fixed points into an arbitrary 
number of equal spaces, and continue the divisions of 
the same size above and below our two standard points. 
In our common Fahrenheit scale this distance is di- 
vided into 180 parts, the freezing-point is marked 32°, 
and the boiling, of course, 212° ; the zero of this scale be- 
ing placed at the tliirty-second division below the freez- 
ing-point. In our laboratories we generally use a scale 
in which this distance is divided into 100 parts, and 
the freezing-point marked 0°, the divisions below freez- 
ing being distinguished with a mimis-sign. All this, 
however, ia purely arbitrary, and the instrument mere- 
ly gives us the means of comparing temperatures. 
Here, for example, are two bodies. We apply the 
thermometer first to one and then to the other. It 
rises in each case to 50°. The only information we 
have obtained is, that both bodies are at the same tem- 
perature corresponding to a certain volume of the mer- 
cury in our thermometer, a temperature which we have 
agreed to call 50° ; and we can predict that, if the two 
bodies are brought together, no heat will pass from one 
to the other. We now apply the thermometer to a 
third body, and it rises to 100°. We thus learn, 
further, that the third body is at a higher temperature 
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than the other two, snd in a condition to transfer to 
them a part of ita heat. We cannot, however, say 
that its temperature is twice as high, or that it has any 
definite relation to t]iat of the other two bodies. 

There is, however, a theoretical way of measuring 
temperature, which appears to lead to something more 
than a mere arbitrary comparison. Let us assume that 
we have a cylindrical tube, doeed below, but open 
above (Fig. 7). Let us further assume that the air 



in the tube is coniined by a piston, wliieh has no 
weight, and moves without friction. As the tempera- 
ture rises or falls, of course onr assumed piston would 
rise or fall in the tube, following the expanding or con- 
tracting of the coniined air. Let us mark the point to 
which the piston falls at the temjierature of freezing 
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water, 0°, and the point to ■which it rises at the 
temperature of toiling water, 100°. Lastly, let iis 
divide the distance between these two points, as in a 
eentigi'ade thermometer, into one hundred equal parts, 
and continne the divisions of the same size above 100° 
and below 0°. We shall find that we can make almost 
exactly 2T3 such divisions before reaching the closed 
bottom of our tube. Transfer, now, the zero of our 
scale to this lowest point or bottom of our tube, so 
that our old zero, or freezing-point of water, will be 
at 273° of the new scale, and the boiling-point of 
water at 373°. 

We shall then have what is probably very nearly 
an absolute scale of temperature, siich a one that we 
can say, for example, that the temperature at 500° is 
twice as great as that at 250°. Moreover, this is a 
scale sueli that the volume of any gas, under the same 
pressure, is exactly proportional to the temperature : 
for example, the volume of a given mass of air at 600° 
is twice as gi'eat as the volume at 300°. That this 
must be the case for air is evident from the constme- 
tion of our theoretical thermometer ; and it is equally 
tme of any other perfect gas, for there would be no dif- 
ference in effect whatever if the tube were filled with 
hydrogen, oxygen, or nitrogen, instead of air. It is 
very easy to refer degi'ees of our ordinary thermometer 
to degrees of this absolute scale. If the degi-ees are 
centigrade, we have merely to add 373 ; if they are 
Fahrenheit, we must add 459 (see Fig, 7, bis) ; and, for 
many pm'poses, it is exceedingly convenient to measure 
temperature in this way; Suppose, for example, we have 
100 cubic inches of gas, at 4° eentigi'ade, and we wish to 
know what would be its volume at 281°. Converting 
these values into absolute degrees by adding 273, we 
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obtain 277° and 554°, Then, since the volume of a gas 
is exactly proportional to the absolute temperature, we 
have 277 : 554 = 100 : answer, 200 cubic inches. But 
the chief value of this method of measuring temperature 
is to be found in the simplicity with which it presents 
to us the property of gases we have been studying. The 
volume of a gas depends solely on two conditions ; its 
pressure and its absolute temperature, Aa I before 
showed, it is inversely proportional to the pressure, 
and it now appears that it is directly proportional to 
the absolnte temperature. We must then qualify the 
law of Mariotte by a second principle, equally funda- 
mental and important ; 

The wlvme of a given mass of gas, utider a constcmt 
pressure, varies direcHi/ as the absolute tmnperatiwe. 

This we' call the law of Charles. 

The molecular theory of gases explains the law of 
Charles very much in the same way as it explained 
the law of Mariotte, The pressure of a gas, as we have 
seen, is due to its molecular energy. If, by any means, 
we increase that energy, we mnst also increase the 
pressure in the same proportion ; or, if the gas is free 
to expand under a constant pressure, we must increase 
the volimie. In other words, the effect of increased 
energy must be the same as the effect which we know 
follows increased temperature. What more natm-al 
than to infer that the unknown condition, to which 
we have given the name of temperature, is simply 
molecular energy ? Here, then, is our theoretical ex- 
planatioji of the law of Charles, The temperature of 
a body is the moving power of Mts molecules. At the 
0° of our absolute scale the molecules would be re- 
duced to a state of rest, and, at other temperatures, the 
moleenlai' energy is directly proportional to the de- 
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grees of this scale ; bo that, for example, the molecules 
of air, at 373° (the 0° of centigrade), have only oue- 
half of the energy which the same molecules possess 
when the temperatm'e is raised to 546°. As the press- 
ure exerted by the air must be proportional to the 
molecular energy, the increased temperature will, if 
the air is confined, double this pressure, or, if the air 
is free to expand under the constant pressure of the 
atmosphere, it will double the volume. 

It would lead me too far to attempt to develop here 
at any greater length the dynamical theory of heat, 
and I regret that I am not able to do more than to give 
tliis bare outline of the remarkable properties of gases, 
which it 80 beaxitiftilly explains ; but I take great pleas- 
ure in referring all who are interested in the subject 
to the veiy excellent work of Prof. Clerk Maxwell 
on the theory of heat. It is not a popular work, or 
one which is easy reading, but it contains a most ele- 
gnnt exposition of the modem theory of heat, in as 
simple a fonn as is consistent with accuracy and con- 



There is only one other point, in connection with 
the molecular theory of gases, to which it is important 
for me to refer in these lectures. We have seen that 
all gases have two essential characteristics : 1. Their 
volume is inversely proportional to the pressure to which 
they are exposed ; and, 2. Their volume is directly 
proportional to the absolute temperatm'e. iN'ow, if we 
assume the molecular theory of gases as true, it can 
be proved, mathematically, that all gases at the same 
temperature and pressure must have the same number 
of molecules in the same volume. I do not give the 
proof, because it would be out of place hero, and be- 
cause all who are interested will find it in the work of 
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Prof. JVtaxweli, to which I Lave veferi'ed. It would be 
more satisfactory to enter into details, but I shall liave 
accomplished the first object of this lecture if I have 
been able to leave with you a clear idea of the three 
laws which may be said to define the aerifoiTO condition 
of matter, and which all ti'ue gases obey — 

TiiJ! Law of Mamotte, 
The Law of Chaules, 
TuE Law of Avogadeo. 

Tlie first two are independent of any theory, and 
simply declare that the volume of every gas vaiies in- 
versely as the pressure, and directly as the absolute 
temperature. The third is based on the molecular, 
theoiy. It is more general, and includes the other two. 
It declares that equal volumes of all gases, under the 
same conditions" of temperature and pressure, contain 
the same number of molecules. 

Liquids are distinguished from gases chiefly in hav- 
ing a definite surface. Their particles have the same 
freedom of motion, but this motion is limited to the 
mass of the liquid. The particles of the air, if uneon- 
finod, would move off indefinitely into space ; but the 
particles of this water, although moving with equal 
fi-eedom within the liquid mass, cannot, as a rule, rise 
above what we call the surface of the water. Again, if 
we introduce a quantity of air, however small, into a 
vacuous vessel, it will instantly expand until it com- 
pletely fills the vessel. A quantity of water, under the 
same conditions, will fall to the bottom of the vessel, 
and will be separated by a distinct surface from the 
vapor which forms above it. Lastly, if a gas is sub- 
jected to pressure, it is compressed in the exact pro- 
portion to the pressure, while with a liquid the com- 
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preseion is barelj pereeptilile, even when the press- 
ure is exceedingly great. Hence, gases are frequently 
called compressible and hquids incompressible fluids. 

The "explanation which the molecular theory gives 
of this difference of relations is very simple. In the 
gas the molecules are separated beyond the sphere of 
each othei-'s influence, and move through space wholly 
free from the cifects of the mutual attraction. In a 
liquid, on the other hand, this attraction, which we call 
cohesion, is very sensible, and restrains the individual 
molecules within the mass, although they are free to 
move amoDg themselves. You can easily understand, 
by referring again to the diagram (Fig. 2, on page 16), 
how this attractive force would act. 

A molecule, in the midst of the mass, moves freely, 
because the attractions are equal in all directions, but 
a molecule near the surface ie in a very different con- 
dition. As it approaches the surface, the attraction 
toward the mass of the liquid becomes greater than the 
attraction toward the surface, and when it reaches the 
surface the whole force of the inward attraction Ja pulling 
it back, and, unless the moving power of the molecule 
is sufficiently great to overcome this force, its motion 
is arrested, and it turns back on its course. It may 
happen, however, especially when heat is entering the 
liquid, that some of the molecules, through the effects 
of their mutual colhsions, acquu'e sufficient energy to 
fly off from the liquid mass, and hence result the well- 
known phenomena of evaporation. Thus our theory 
defines the liquid condition of matter, and explains how 
the liquid is converted by heat into the- gas. 

In all theoretical discussions, it is always highly sat- 
isfactory when, in following out our theoretical concep- 
tions to their consequences, we find that these conse- 
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quences are actually realizetl in natural phenomena, 
and such satisfaction we can have in the present case. 
Consider what must be the form which a mass of Kquid 
molecules isolated in space would necessarily take. Re- 
member that these molecules are moving with perfect 
freedom within the body, but that the extent of the 
motion of each molecule is limited by the attraction of 
the mass of the liquid. Eemember also that, accord- 
ing to the well-known principles of mechanics, this at- 
traction may be regarded as proceeding from a single 
point, called the centre of gravity. Remember, fur- 
ther, tliat the molecules have all the same moving 
power, and you will see that the extreme lunits of their 
excursions to and fro through the liquid mass must be 
on all sides at the same distance from the central point. 
Hence the bounding sm'faco will be that whose points 
are all equally distant from the centre. I need not tell 
you that such a surface is a sphere, nor that a mass of 
liquid in space always assumes a spherical form. The 
rain-drops have taught every one this tmth. Still, a 
le^ familiar illustration may help to enforce it. I have 
therefore prepared a mixture of alcohol-and-water, of 
the same speeilic gravity as olive-oil, and in it I have 
suspended a few drops of the oil. By placing the liquid 
in a cell, between parallel plates of glass, I can readily 
project an image of the drops on the screen, and I wish 
you to notice how perfectly spherical they are. And I 
would have you, moreover, by the aid of your imagina- 
tion, look within this external form, and picture to 
yom-selves the molecules of oil moving to and fro 
through the drops, hut always slackening theh motion 
where they approach the surface, and on every side 
coining to rest and turning back at the same distance 
from the centre of motion. 
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Neither liquids nor gaaee present the least trace of 
straeture. They cannot even support their own weight, 
much less sustain any longitudinal or shearing stress. 
A solid, on the other hand, has both tenacity and struet- 
nre, and resists, with greater or leas energy, any force 
tending to alter its form, as well as change its volume. 
The tenacity and peculiar forms of elasticity which 
solids exhibit are characteristics which are familiar to 
every one, but the evidences of structure are not so 
conspicuous. The structure of solids is most frequently 
manifested by their crystalline form, and this form is 
on e of the most marked features of the solid state. But 
although, under definite conditions, most substances as- 
sume a fixed geometrical form, yet, to oi-dinary expe- 
rience, these forms are the exceptions, and not the 
rule. I will therefore make the crystallization of solid 
bodies the subject of a few experimental illustrations. 

For the first experiment, I hare prepared a concen- 
trated solution of ammonie chloride (sal-ammoniac), 
and with this I will now smear the surface of a small 
glass plate. Placing this before our lantern, and using 
a lens of short focus, so as to form a greatly-enlarged 
image on the screen, let us watch the separation of the 
solid salt as the solution evaporates. . . . Notice that, 
first, small particles appear, and then from these nuclei 
the crystals shoot out and ramify in all directions, soon 
covering the plate with a beautiful net-work of the fila^ 
ments of the salt. "We cannot here, it is time, distin- 
guish any definite geometrical form; but it can be 
shown that these very filaments are aggregates of such 
forms, and their structure is made evident by a fact, to 
which I would especially call your attention-— that, as 
the crystalline shoots ramify over the plate, the sprays 
8 at right angles to the stem, or else branch 
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at an angle of 45°, which is the half of a right angle 
(Fig. 8). 

For a ftirther illustration of the process of crystal- 
lization I have prepared a solution in alcohol of a solid 




sub t^nce cilled urea, with which we will experiment 
m pieciaelj the same way as before. . . . Tlie process 
ot crystillizitiyn, which is here so beantifnlly exhibited, 
IS one of the most striking phenomena in the whole 
iinge of (.Apenmental science. It is, of course, not so 
wonderful as the development of a plant or an animal 
iiom itB geim but then organic growth is slow and 
giaduil while heie beantifal, symmetrica) forms shape 
themselves m an mstant out of this liquid mass, reveal- 
ing to lis an architectural power in what we call lifeless 
matter, whose existence and controUing influence but 
few of ns have probably realized. The general order 
of the phenomena in tliis experiment is the same as in 
the last ; but notice how different the details. We do 
not see here that tendency to ramify at a definite angle, 
but the crystals shoot out in sti'aight lines, and cover the 
plate with bundles of crystalline fibres, which meet or in- 
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terseet each other irregularly as the accidental directions 
of the several shoots may deteniiine (Fig. 9). As before, 
we cannot recognize t\ie separate crystals ; indeed, large 
isolated crystals, such as yon may see in collections of 
minerals, cannot be formed thus rapidly. They are of 
slow growth, and only found wli ere the conditions have fa- 
vored their development. But all the mineral substances, 
of whieli the rocks of our globe consist, have a .crystal- 
line stntetui'e, and are aggregates of minute crystals like 
the arborescent forms whose growth you have witnessed. 
The external form is but one of the indications of 
crystalline structure, and by various means this structure 
may frequently be made manifest when the body appears 
wholly amorphous. Nothing could appear externally 
more devoid of structure than a block of transparent 
ice. Yet it has a most beautiful symmetrical structure, 
which can easily be made evident by a very simple ex- 
periment, originally devised, I believe, by Prof, Tjn- 
dall. For this purpose I have prepared a plate of ice 
about an inch in thickness, whose polished Bvn'faees are 
parallel to the original plane of freezing. I will now 
place this plate in front of the condenser of my lantern, 
and, placing before it a lens, we will form on the curtain 
an image of the ice-plate, some twenty times as large as 
the plate itself. The rays of heat which accompany 
the light-rays of our lanteni soon begin to melt the ice ; 
but, in melting it, they also dissect it, and reveal its 
structure. . . . Notice those symmetrical six-pointed 
stars which are appearing on the wall (Fig. 10). Prof. 
Tyndall calls thom, veiy appropriately, iee-fiowers, for, 
as the flower shows forth the structure of the plant, so 
these hexagonal forms disclose the six-sided structure 
of ice. Ton can hardly fail to notice the similarity of 
these forms to those of the snow-flake. The six petals 
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of the iec-fiowers on our screen make with eacli other 
an angle of 60°, and, if you examine, with a magnifier, 
flakes of fresh-fallen snow (Fig. 11), or the arborescent 




foiTOS whieh crystallize on the -window-panes in frosty 
weather, you will find that, in all eases, the cj-ystalline 
shoots ramify at this angle, which is as constant a char- 
acter of the solid condition of water as is the right an- 
gle of sal-aminoniac. 

There are other soUds whose ciystalline structure, 
like that of ice, becomes evident during melting ; but a 
far more efficient means of discovenng the structure of 
solids, when transparent, is furnished by polarized light. 

It wonld be impoBsible for me, without devoting a 
great deal of time to the subject, either to explain the 
natnre of what the physicists call polarized light, or to 
give any clear idea of the manner in which it bring-s 
out the structure of the solid- I can only show you a 
few experiments, which wiH make evident that such 
is the fact. We have now thrown on the screen a lumi- 
nous disk, which is illuminated hy polarized light. To 
the unaided eye it does not appear differently from 
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ordinary liglit; but there is this peculiarity in the 
beam. I have here .a prism of well-known construc- 
tion, made of Iceland-spar, and called a Nicol prism. 




The spar is as transluuJ is ^Usb, ind, with jidimry 
hght, it transmits, as jou see, the beim eijiullj well, 
whether it is placed in one position oi mother But, 
with the polarized beam, we shall hive a veiy difleient 
result. In one position, as you notice, it allows the 
hght to pass freely ; but, on tuniing it round through 
an angle of 90°, almost all the light is intercepted : 
the beam of light seems to have sides, which stand in 
a different relation to the prism in one position from 
that which they bear to it in the other. To describe 
this condition of the beam, the early experimenters 
adopted the word polarised, which was not, however, 
a happy designation ; for the term now implies an 
opposition of relations very unlike the difference 
which we recognize between the sides of such a beam 
of light. Placing now the Nicol prism in the posi- 
tion in which it intercepts the polarized beam, I will 
first place between it and the source of light a plate 
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of glass. Ton notice that there is no difference ©f 
effect. Besides the arrangement I'oi' polarizing the 
light and the Nieol prism there is no other apparatus 
liere except a lens, whieli would form on the screen 
an image of the glass plate or of any thing depicted 
upon it, were it not for the circumstance that the 
!Nicol prism euta off the light. By turning the Nicol 
so that the polarized light can pass, and puttmg a 
glass photograph in the place of the glass plate, you 
see at once the photograph projected on the screen. 
Having tunjed back the Wicol until the light is again 
intercepted, I will remove the photogi'aph, and put 
in its place a thin sheet of gypsum. . . . See this 
brilliant display of colors. The plate of gypsum is as 
colorless and ti-ansparent as the glass, and the gorgeous 
hues result from the decomposition of the polarized 
light produced by the ciystalline structure of the 
gypsum. I will next turn round the film of gypsum, 
and you notice that the colors gi'adually fade out and 
finally disappear. As we turn farther they reappear, 
and so on. Evidently, the colore are only produced in 
a definite position of the gypsum plate with reference 
to our polarizing apparatus. Moreover, as I can readily 
show you, the tint of color depends on the thickness 
of the film. I have here a simple geometrical design 
formed of plates of gypsum of different thicknesses, and 
yon notice that each plate assumes a different hue. On 
turning, however, our ITieol prism 90°, these colors are 
suddenly exchanged for their complementary tints. 

It is obvious that any colored designs might be re- 
produced in this way by combining gypsum plates cut 
to the required thickness and form, as in mosaic work ; 
and I will now show you a number of beautiful illus- 
trations of this peculiar form of art. . . . But you can- 
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not appreciate tbe wonder of these experiments without 
bearing in mind that these gypsum mosaics show no 
color whatever in ordinary light, consisting, as they do, 
of plites which appear like colorless glass. 

Let me now substitute for the gypsum designs the 
glass plate on which we recently ciystallized urea, and 
notice that the crystals of this substance, which we 
saw tbrm on the glass, yield similar brilliant hues. 
The experiment becomes still more striking, if we crys- 
tallize the salt under these conditions. I will, there- 
fore, talce another glass plate, and, having smeared it as 
before with the solution of urea, I will place it in the 
focus of my lens before the polarizer. The field is now 
perfectly dark, but, as soon as the crystals begin to 
form, you see these colored needles shoot out on the dark 
ground, pr^eiiting a phenomenon of wonderful beauty. 

Now, all this indicates a definite stracture, and, to 
those familiar with these phenomena, they point to a 
definite conclusion in regard to this structure, I wish 
I could fully develop the argument before you, but this 
would requii-e more time than the plan of my lectures 
allows, and I miist be content if I have been able to 
impress upon your minds the single general truth 
which these experiments .suggest. Tou saw the urea 
crystallize, that is, assume a definite structure, and you 
now see that this structure so modifies the polarized 
light as to produce these gorgeous hues. You have 
seen similar hues, but still more brilliant, produced by 
a plate of gypsum, and I can only add that the conclu- 
sion which the analogy suggests is legitimate, and sus- 
tained by the most conclusive evidence. The trans- 
parent plates of gypsum have as definite a structure as 
the crystals of urea, and to the student of optics these 
colors reveal that structure just as clearly as it is mani- 
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fested, even to the iminetructed eye, by the processes 

of crystallization, which we have witnessed this evening. 

Would, however, tiiat I could coiivey to yon a more 
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definite idea of the nature of that structure, for our 
theory gives us a very dear conception of what we 
suppose to be the relations of the molecules in these 
solid bodies ! But the subject is a difficult one, and it 
would require a long time to make the matter intelli- 
^ble. Still, by the aid of a few parallel experiments, 
I may be able to give you, at least, a glimpse of the 
manner in which, as we suppose, the structure of solid 
bodies is produced. 

Everybody knows that a magnetic needle, when 
free to move, assumes a defijiite position, pointing, in 
general, north and south. Now, a magnetic needle is 
a needle of steel (hardened iron) in a condition which we 
call polarized ; and, what is true of it, is true of every 
polarized body, to a greater or less extent. So, also, if 
we have a collection of snch polarized bodies, they will 
always arrange themselves in some definite position 
with reference to each other— will form, in a word, a 
definite structure. 

Further, it is well known that a magnet polarizes 
all masses of iron in its neighborhood, and this circum- 



loy Google 



STRUCTURE PRODUCED BY MAGNETISM. 61 

stance enables us to illustrate the trutli of the principle 
just stated, in a most striking manner : If we bring a 
bar-magnet near some iron filings sprinkled over a 
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plite of glase, these little bits of iron become at once 
polaiized by induction , md, if then we gently tap the 
glass, the iron particles will swing round on its smooth 
surtace, and azrange themselves in the most wonderful 
way. By nieanb of my vei tical lantern I can eliow you 
this effect most beautifully. I first sprinkle the filings 
on the glass stage of our lantern, and then, having pro- 
tected them by a thin covering-glass, I bring near the 
glass one of the poles of a bar-magnet. . . . Notice 
how, on tapping the glass, the iilings spring into posi- 
tion, arranging themselves on lines radiating from this 
pole (Fig. 12). Here, evidently, we have a definite 
structure produced. Let us now clear our stage, and ar- 
range for a second experiment. This time, however, we 
will lay the bar-magnet on the covering-glass, so that 
the bits of iron shall be brought under the influence 
of both of its poles at the same time. . . . See what 
a beautiful set of curves results on tapping the glass 
(Fig. 13), and let me hcg you to try to carry in your 
mind for a moment the general aspect of this structure, 
as well as of the first. 
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l!^ow, we suppose that, in solid bodies, the structure 
depends ou the polarity of the molecules, and that the 
molecules, like the bits of iron in oui' experiment, tate 
up the relative position which the polar forces require. 
And, next, I will show you that a beam of polarized 
light develops in some solids an evidence of structure 
not very unlike that you have just seen. 

Keturning, then, to our polariscopo, I place in the 
beam of light a plate of Iceland-spar cut in a definite 
manner. . . . See those radiating lines, and those iris- 
colored circles (Fig. 14). Does not that remind you of 
the structure we developed around a single magnetic 
pole ? Next, I will use a similar plate cut from a crys- 
tal of nitre ; . . . . and, see, we have almost the repro- 
duction of the curves about the double pole (Pig- 15). It 
is the form of the cin-ves as indicating a certain atruet- 
ure, not tlie brilliant colors, to which I would direct your 
attention. The iris hues are caused simply by the 
breaking up of the white light we are using ; for the 
crystal decomposes it to a greater or less extent, like a 
prism. If, by interijosing a plate of red glass, we cut 
off all the rays except those of this one color, the varied 
tints disappear, but, in the black curves which now take 
their place, the analogy I am endeavoring to present 
becomes still more mai-ked. Certainly, you could have 
no more striking analogy than this, I can add nothing 
by way of commentary to the experiments without 
entering into unsuitable details, and I will only say, 
further, that I am persuaded that the resemblances we 
have seen have a profound significance, and tlmt the 
structure, which the polai'ized beam reveals in these 
solid bodies, is really analogous to that which the mag- 
net produces from the iron filings. 
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now MOLECULES AEE WEIGDED. 

In oi-der that we may malie sure of the grotuid we 
have thus far explored, let me recapitulate the charae- 
terietic qualities of the three conditions of matter 
which I sought to illustrate in the last lecture. 

A gas always completely fills the vessel by which it is 
inclosed. It is in a state of pei-manent tension, and con- 
forms to the three laws of Mai'iotte, of Charles, and of 
Avogadro. A liquid has a definite surface. It can be 
only very slightly compressed, and obeys neither of 
these three laws, A solid has a definite structure, and 
resists both longitudinal and shearing stresses to a lim- 
ited extent. 

Having DOW presented to you the molecular theory 
as fully as I can without entering into mathematical 
details, I come back again to the great law of Avoga^ 
dro, which is at the foundation of our modern chem- 
istry: 

WJiev, m the condition of a perfect gas, (M sah- 
sta/nces, vm,der lijee ooTiditions of tenyperatm'e <md press- 
ure, eoniam m egwd volwmes t/ie same nwrnber of mole- 
cules. 

I have already shown you that, if we assume the 
general truth of the molecular theory (in other words, 
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if we assume that a mass of gas is an aggregate of ieo- 
lated moving molecules), then the law of Avogadro 
follows as a necessary consequence from the known 
properties of aeriform matter, and may, therefore, in a 
certain limited sense, be said to be capable of proof. 
As yet, however, we have only considered the purely 
physical evidence in favor of the law. We come next 
to the chemical evidence which may be adduced in sup- 
port of its validity, and this is equally strong. 

It would be impossible at the present stage of our 
study to make the force of this evidence apparent, be- 
cause, 80 far as chemistry is concerned, the law of Avo-- 
gadro is a generalization from a large mass of facts, and 
the proof of its validity is to be found solely in the cir- 
cumstance that it not only explains the known facts of 
chemistry, but that it is constantly leading to new dis- 
coveries. This law, as I have intimated, beai's abont 
the same relation to modern chemistry that the law of 
gravitation does to modem astronomy. Modern astron- 
omy itself is the proof of the law of gi'avitation ; mod- 
em optics the proof of the undiilatory theory of light ; 
and 80 the whole of modern chemistry, and nothing 
less, is the proof of the law of Avogadro. I do not say 
that this great law of chemistry stands as yet on as 
firm a basis as the law of gravitation ; but I do say that 
it ie based on as strong foundations as the undulatory 
theory of light, and is more fully established to-day 
than was the law of gravitation more than a century 
after it was announced by Newton. I have already 
briefly referred to the history of the law. 

The original memoir was published by Amcdco 
Avogadi'o in the Journal He PKysiqvs, July, ISll. In 
this paper the Italian physicist " enunciated the opinion 
that gases are formed of material particles, sufficiently 
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removed from one another to be free from all recipro- 
cal attraction, and subject only to tLe repnlaive action 
of heat ; " and, from the facts, then already well estab- 
lished, tliat the same variations of temperature and press- 
ure produce in all gases nearly the same changes of vol- 
ume, he deduced the conclusion that equal volumes of 
all gases, compound as well as simple, contain, under 
like conditions, the same number of these niolecxiles. 

This conception, simple and exact as it now appears, 
was at the time a mere hypothesis, and was not ad- 
vanced even with the semblance of proof. The discov- 
ery of Gay-Lussac, that gases combine in very simple 
proportions by volume, was made shortly after, and, 
had its important beai-ings been recognized at once, it 
would have been seen to be a most remarhable confir- 
mation of Avogadro's doctrine. But the new ideas 
passed almost unnoticed, and were reproduced by Am- 
pere in 1814, who based his theory on the experiments 
of Gay-Lussac, and defended it with far weightier evi- 
dence than his predecessor. Still, even after it was 
thus reafBrmed, the theory seems to have received but 
little attention either from the physicists or the chem- 
ists of the period. The reason appears to have been 
, that the integrant molecules of Avogadro and the j)ar- 
ticles of Ampere were confused with the atoms of Dal- 
ton, and, in the sense which the chemists of the old 
school attached to the word atom, the proposition ap- 
peared to be true for only a very limited number even 
of the comparatively few aeriform substances which 
were then known. Moreover, the atomic theoiy itself 
was rejected by almost all the German chemists ; and, 
in physics, the theoiy of a matenal caloric then pre- 
vailing was not enforced by the new doctrine. In a 
word, this beautiful conception of Avogadro and Am- 
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pere came before science was ripe enough to benefit 
by it. A half-eenturj, however, has produced an im- 
mense cliange. The development of the modem the- 
ory of chemistry has made clear the distinction between 
molecules and atoms, while the number. of substances 
known in their aeriform condition has been vastly in- 
creased. It now appears that, with a few exceptions, 
all these substances conform to the law, and these ex- 
ceptions can, for the most part at least, he satisfactorily 
explained. On the other side, in the science of physics, 
more exact notions of the principles of dynamics have 
become general, and the dynamical theory of beat 
necessarily involves the law of equal molecular vol- 
mnes. Thus, this theory of Avogadro and Ampere, 
which remained for half a century almost barren, has 
come to stand at the diverglng-point of two great sci- 
ences, and is sustained by the concurrent testimony of 
both. It is not, then, without reason that we take this 
law as the basis of the modern system of chemistry ; 
and, starting from it, let us see to what it .leads : 

In the first place, then, it gives us the means of de- 
termining directly the relative weight of the molecules 
of all such substances as are capable of existing in the 
aerifonn condition. For, it is obvious, if equal volumes 
of two gases eontain the same nv/mber ofmole<ndes, the rel- 
atme weigMs of these tnoleffides m/ust he the scrnie as the 
relative weights of the eqvM gas-^)olwn£S. Thus, a cubie 
foot of oxygen weighs sixteen times as much as aeubic 
foot of hydrogen nnda' the same conditions. If, then, 
there are in the pnbic foot of each gas the same number 
of molecules, each molecule of oxygen must weigh six- 
teen times as much as each molecule of hydrogen. 

It is much more convenient in all chemical caleula- 
tions to use the French system of weights and raeas' 
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ures; and since, thi-ough modem school-books, the 
names of these me^ures have become qiiite famihar 
to almost every one, I think I can refer to thein witli- 
oiit confusion. The accompanying table will serve to 
refresh your memoiy, and may be useful for reference : 

The metire is approximately the ttt. ti 1/0 , 00 a i*®^ of a 
quadfrant of a m&ridimi of the ewth measured from the 
pole to th» equator. 

The metre equals 10 demneires or 100 centimetres. 

The eubio metre, or stere, equals 1,000 cubic de<mie- 
ires or Ui^es. 

The eubio decimetre, o)' litre, equals 1,000 cv^ie cerv- 



The ^ra/nvme is the weight,' in vacuo, of one oul)ic 
cmtmnetre of water at i" cenHgrade {the point of ma^ei- 



The hUogratnine equals 1,000 gramwies, artd is, there- 
fore, the weight of ons cubic deeimetre or Utre of water 
under the same conditwns. 

Tlie orith is the -weight, im. vacuo, of one Utre of 
hydrogen gas at 0° c&ntigrade (the freesing-point of 
water), cmd at 76 centimetres (the rwnTud lieight of the 
harometer'). It equals 0.09 of a gramme very nea/rly. 

The iTietre is equal to 2^ feet nearly. 

The litre is equal to l^pimi nearly. 

The gramme is equal to 15^ grains nearly. 

The kilogramme is eq^tal to 2^ pounds nearly. 

The convenience of the French system depends not 
at all on any peculiar virtue in the metre (the standard 
of length on which the system is based), but upon the 
two circumstances— 1. That all the standards are divided 
decimally so as to harmonize with our decimal arithme- 
tic ; and, 2. That the measures of length, volume, and 
weight, arc connected by such simple relations that any 
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one can be most readily reduced to either of the other 
two. In order to make clear these last relationa, I must 
ask you to distingnish between two tei'ms which are 
constantly confounded in the ordinary nse of language, 
namely, density and specific gravity. 

The density of a substance ia the amount of matter 
in a unit-volume of the substance. In the English sys- 
tem it is the weight in grains of a cubic inch, and in the 
French system the weight in grammes of a cubic centi- 
metre. Thns the density of wrought-iron is 1,966 
grains English, or 7.788 grammes French. So also the 
density of water at i° centigrade (the point of maxi- 
mum density) is 253.5 grains, or 1 gramme. 

The specific gravity of a substance is the ratio be- 
tween the weight of the substance and that of an equal 
volume of some other substance taken as a standard. 
For liquids and solids, water is always the standard 
selected, and the specific gravity, therefore, expresses 
how many times heavier the substance is than water. 
It can evidently be found by dividing the density of 
the substance by the density of water, becanse, as we 
have just seen, these densities are the weights of equal 
volumes. Hence the specific gravity of iron equals — 
1966 grnina 7.788 grammes _ „ „„. 



Of course, the specific gravity of a substance will be 
expressed by the same niunber in all systems ; and, fui"- 
tlier, in the French system, as the example just cited 
shows, this number expresses the density as well as the 
specific gravity. Density, however, is a weight, while 
specific gravity is a ratio, and tlie two sets of numbers 
are identical in the French system only because in that 
system the cubic centimetre of water has been selected 
as the unit of weight. 
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In the French system, then, the same numher ex- 
presses both the specific gravity and also the weight of 
one cubic centimetre of .the substance in gi-ammes ; and, 
since both 1,000 grammes = 1 kilogramme, and 1,000 
cubic centimetres = 1 litre, it expresses also the weight 
of one litre in kilogrammes. These relations are shown 
in the following table : 

The specific gra/oity of c 
■mcmy times heavier the I 
of water at 4° centigrade. Ths s 
also the weight of (me cubic c 
', or of one I. 



solid shows how 







7.8 giam. 



111.8 gnmi. 



The black squares are supposed to represent enhio 
centimetres. K assnmed to represent cnbic decimetres, 
then the weights which measure the densities would he 
in kilogrammes instead of grammes. It will now be 
seen how simple it is in the Trench system to calculate 
weight from volume. "When the specific gravity of a 
substance is given, we know the weight both of one 
cubic centimetre and of one litre of that substance, and 
we have only to multiply this weight by the number 
of cubic centimetres, or of litres, to find the weightof 
the given volume. Thus the weight of a -wrought-iron 
boiler-plate ^ centimetre thick, and measuring 120 cen- 
timetres by Y5, would be — 

0.5 X 130 X rs X 7.788 = 3S,046 grammoa. 

In general — 

W.=V.xSp. Gr. 
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"When Y. is ^ven in cubic centimetres, the resulting 
weight -will be in grammes ; when in litres, the weight 
will be kilogi'ammes. 

In estimating the specific gi'avitj of gases, we avoid 
large and fractional nnmbers, by selecting, as our stand- 
ard, hydrogen gas, which is the lightest form of mat- 
ter known ; but we thus lose the advantage gained by 
iiaving the nnit-volume of our standard the unit of 
weight. It is no longer true that W.^V. xSp. Gr. 
In order to preserve this simple relationship, it has 
been found convenient to use in chemistry, for estimat- 
ing the weight of aeriform substance, another unit 
called the criiJi. The eritH is the weight, in vacuo, 
of one litre of hydrogen gas at 0° centigrade, and 
with a tension of 1Q centimetres. It ia equal to 0.09 
of a gramme nearly. We may now define the density 
of a gas as the weight of one litre of the substance in 
eriths, and ite specific gravity as a number which shows 
how many times heavier the aeriform substance is than 
an equal volume of hydrogen under the same condi- 
tions of temperature and pressure. We always esti- 
mate the absolute weight of a gas under what we call 
the standard condition, namely, when the centigrade 
thermometer marks 0°, and the barometer stands at 76 
centimetres. But, in determining the specific gravity 
of a gas, the comparison with the standai-d gtis may be 
made at any temperature or pressure, since, as all gases 
are affected alike by equal changes in these conditions, 
the relative weights of equal volumes will not be altered 
by such changes. The subject may be made more 
clear by the following table : 

The spedfie gravity of a gas shows how marvy ti/ines 
hewnier ths aSTiform svhstance is than an e([ual volv/me 
of hydrogen gas wider the same conditions of tetnpera- 
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litre and^essure. The same nwribei' also eiepresses the 
weigM m criths of one Utre of the gas wider tke stand- 
ard corhditions. 




Now we hive ^g'lm W =V x&p &i onl^ Aio 
must remember that "VV. here stands for a certain num- 
ber of eritlis, V. for a certain number of litres, a^nd Sp. 
Gr, for the specific gravity of the gas referred to hy- 
drogen, a number which also expresses tlie weight of 
one litre of the gas in critJis. 

To return now to tlie subject of molecular weights. 
If one litre of hydrogen weighs one crith, and one litre 
of oxygen sixteen ci-iths, and if both contain the same 
number of molecules, then each molecule of oxygen 
must weigh sixteen times as much as each molecule of 
hydrogen. Or, to put it in another way, represent by 
n the constant number of molecules, some billion bill- 
ion, which a liti-e of each and every g^s contains, when 
under the standard conditions of temperature and 
pressure. Then the weight of each molecule of hydro- 
gen will be — of a erith, and that of each molecule of 
oxygen — of a erith, and evidently 
1:15 = 1:16; 

that is, again, the weights of the molecules have the 
same relation to each other as the weights of the equal 
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gas-volumes. Excuse such an obvious demonBtration, 
but it is so important that we should fully grasp this 
conception that I could not safely pass it by with a few 
words. It is bo constantly the case that the simplest 
processes of arithmetical reasoning appear obscure when 
the objects with which they deal are not femiliar. 

Since, then, a molecule of any gas weighs as much 
more than a molecule of hydrogen, as a litre of the 
same gas weighs more than a litre of hydi'ogen, it is 
obvious that, if we should select the hydrogen-molecule 
as the unit of molecular weights, then the number rep- 
resenting the specific gravity of a gas would also ex- 
press the weight of its molecules in these units. For 
example, the specific gi'avity of oxygen gas is 16, that 
is, a litre of oxygen is sixteen times as heavy as a litre 
of hydrogen. Tliis being the ease, the molecule of 
oxygen must weigh sixteen times as much ae the mole- 
cule of hydrogen, and, were the last our unit of molec- 
ular weights, the molecule of oxygen gas would weigh 
16. So for other aeriform substances. In every case 
the molecular weight would be represented by the 
same number as the specific gravity of the gas referred 
to hydrogen. 

XJnfortunately, however, for the simplicity of our 
system, but for reasons which will soon appear, it has 
been decided to adopt as our unit of molecular weight 
not the whole hydrogen-molecule, but the half-mole- 
cnle. Hence, in the system which has been adopted, 
the molecule of hydrogen weighs 2 ; the molecule of 
oxygen, which is sixteen times heavier, 16 times 2, or 32 ; 
the molecule of nitrogen, which is foui'teen times heav- 
ier, 14 times 2, or 28 ; and, in general, the weight of the 
molecule of any gas is expressed by a number equal to 
twice its specific gravity referred to hydrogen. Noth- 
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ing, then, can be simpler than the finding of the mo- 
lecular weight of a gas or vapor on this eystem, "VVe 
liave only to detennine the specific gravity of tlie aeri- 
form substance with reference to hydrogen gas, and 
double the number thus obtained. The resulting prod- 
uct is the molecular weight required in tenns of the 
unit adopted, namely, the half-molecule of hydrogen. 
Perhaps there may be some one who, having lost one 
or more of the steps in the reasoning, wishes to ask the 
question, Why do you dovble the specific gravity in 
tliis method % Let me answer by recapitulating. It all 
depends on the unit of moleculaj- weights we have adopt- 
ed. Had we selected the whole of a hydrogen-molecule 
as our unit, then the number expressing the specific grav- 
ity of a gas would also express its molecular weight ; 
but, on accoimt of certain relations of our subject, not 
yet explained, which make the half - moleciile a more 
convenient unit, we use for the molecular weights a 
set of numbers twice as large as they would be on 
what might seem, at first sight, the simpler assumption. 
In order to give a still greater definiteness to our 
conceptions, I propose to call the unit of molecular 
weight we have adopted a mioroorith, even at the risk 
of coining a new word. We already have become 
familiar with the crith, the weight of one litre of hy- 
drogen, and I have now to ask you to accept another 
unit of weight, the half hydrogen-molecule, which we 
will call for the future a microcrith. Although a unit 
of a very different order of magnitude, as its name ini- 
plies, the microcrith is just as real a weight aa the 
crith or tlie gramme. We may say, then, that- 
A molecule of lijdrogen weiglis 3 micTociltlia. 
" oxygen " 33 " 

" nitrogen " 28 " 

cliloi'ine " 71 " 
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Wow, what I ani most anxious to impress upon 
your niinds is the truth that, if the molecules, as we 
believe, are actual pieces of matter, these weights are 
real, magnitudes, and that we have the same knowl- 
edge in regard to them that we have, for example, in re- 
gard to the weights of the planets. The planets are visi- 
ble objects. We can examine them with the telescope j 
and, when we are told Jupiter weighs 320 times as 
much as the earth, the knowledge seems more real to 
ns than the inference that the oxygen-mpleenle weighs 
32 microcriths. But you must remember that yotu- 
knowledge of the weight of Jupiter depends as wholly 
on the law of gravitation as does your knowledge of 
the weight of the molecules of oxygen on the law of 
Avogadro. You cannot, directly, weigh either the 
large or the small mass. Tour knowledge in regard 
to the weight is in both eases inferential, and the only 
question is as to the truth of the general principle on 
which your inference is based. This truth admitted, 
your knowledge in the one case is just as real as it 
is in the other. Indeed, there is a stiiking analogy 
between the two. The units to which the weights are 
respectively referred are equally beyond the range of 
our experience only on the opposite sides of the com- 
mon scale of magnitude ; for what more definite idea 
can we acquire of the weight of tlie earth than of the 
molecule of hydi'ogen, or its half, the microerith ? It is 
perfectly ti'ue that, from the experiments of Maskeljne, 
Cavendish, and the present Astronomer-Eoyal of Eng- 
land, we are able to estimate the approximate weight 
of the earth in poonds, our familiar standard of weight ; 
and so, from tlie experiments of Sir "W". Thompson, we 
are able to estimate approximately the weight of the 
hydrogen - molecule, and hence find tlie value of the 
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mieroeritli in fractions of tlie crith or gramme.' It is 
true that the limit of error in the last case is very much 
larger than in the first, but this difference is one which 
future investigation will in all probability remove, 

I have dwelt thus at length on the definition of 
molecular weight, beeatiae, without a clear conception 
of this order of magnitudes, we cannot hope to study 
the philosophy of chemistry with success. Oui' the- 
ory, I grant, may all be wrong, and there may be no 
such things as molecules ; but, then, the philosophy of 
Gvepy science asanmes similar fandamental principles, 
of which the only proof it can offer is a certain har- 
mony with observed facts. So it is with our science. 
The new chemistry assumes as its fundamental pos- 
tulate that the magnitudes we call molecules are reali- 
ties ; but this is the only postulate. Grant the postu- 
late, and yon will find that all the rest follows as a 
necessary deduction. Deny it, and the "New Chemis- 
try " can have no meaning for yon, and it is not worth 
your while to pursue the subject further. If, therefore, 
we would become imbued with the spirit of the new 
philosophy of chemistry, we must begin by believing 
in molecules ; and, if I have succeeded in setting forth 
in a clear light the fundamental truth that the mole- 
cules of chemistry ai-e definite masses of matter, whose 
weight can be accurately determined, our time has 
been well spent. 

Eefore concluding this portion of my subject, it only 
remains for me to illustrate the two most important 
practical methods by which the molecular weights of 
substances are actually determined. It is evident from 

' According to Thompson, one cubic ineh of anj perfect gas contains, 
under Btandard conditions, 10" moleoules. Henoe, one litre contains 
61 X 10" moleotiloa and I eritli = 122 x 10=' jniorocciths. 
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what has been said that we can easily find the molecu- 
lar weight of any substance capable of existing in the 
Btate of gas or vapor, by simply determining experi- 
mentally the specific gi'avity of such gas or vapor with 
reference to hydrogen. Twice the number thus ob- 
tained is the molecular weight required in microeriths. 

Jiow, the specific gravity of an aeriform substance 
is found by dividing the weight of a measured volume 
of the substance by the weight of an equal vohune of 
hydrogen gas under the same conditions. This simple 
calculation implies, of conrse, a knowledge of two 
quantities : first, the weight of a measured volume of 
the substance, and, secondly, the weight of an equal 
volume of liydrogen gas under the same conditions. 
Of these two weights, the last can always be calculated 
(by the laws of Mariotte and Charles) from the weight 
which a cubic decimetre of hydrogen, under the stand- 
ai-d conditions, is known to have, namely, 0.0886 
gramme or 1 crith ; so that the method praetieally re- 
solves itself into weighing a measured volume of the 
gas or vapor and observing the temperature and press- 
ure of the substance at the time. There are always at 
least four quantities to be observed : first, the volume of 
the gas or vapor ; secondly, its weight ; thirdly, its tem- 
perature ; fourthly, its tension ; and, lastly, the weight 
of an equal volume of hydrogen, under the same condi- 
tions, is to be calculated from the known data of science. 

The most common case that presents itself is that 
of a substance which, though liquid or even solid at 
the ordinary temperature of the air, can be readily 
converted into vapor by a moderate elevation of tem- 
perature; such a substance, for example, as alcohol. 
Now, we can find the weight of a measured volume of 
such a vapor at an observed temperatm-e and tension 
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in one of two ways, Loth of wliich are in general use. 
In the first process we Ull a glass globe of Tmown size 
with the vapor, and wei^h this measured volume. In 
tiie second, we weigh out iu a liliputian glass hottle a 
small quantity of the subetance, and, having converted 
the whole of it into vapor, we measnre the volume 
which it yields. 

The fii-st process, devised by Dumas, of Paris, and 
known by his nanae, is conducted aa follows : We take 
a glass matrass (a thin glass globe, with a long necl;}, 
and, heating the necli in a glass-blower's lamp (as near 
to the body of the matrass as possible) we draw it out 
into a capillary tube, three or four inches long. Hav- 
ing first weighed the glass, we introduce into the globe 
a few table- spoonfuls, we will say, of pure alcohol; and 
this we can readily do by alternately heating and cool- 
ing the vessel. We then moimt the globe in a brass 
frame, and sink it under melted pai'affine, but so that 
the capillary opening shall rise above the surface of 
the hot liquid. A common iron pot serves to hold the 
parafHne (Fig. 18), which is heated over a gas-lamp, 
and a thermometer dipping in the batb enables us to 
watch the temperature. 

Of coui-se, the alcohol is soon volatilized, and the 
balloon filled with its vapor. The excess escapes 
through the capillary tube, and, by lighting the jet, we 
can teU when tiie vapor in the globe is in equilibrium 
with the external air, for at that moment the flame 
will go out. We now, with a blow-pipe, melt the 
glass around the opening of the capillary tube, and 
thus hei-metieally seal xip the vapor in the globe. At 
the same time we note the height of the barometer 
and the temperature of the bath. The height of the 
barometer gives us the tension of the vapor in the bal- 
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loon, because, at the nioraent ot sealing, the tension 
was equal to the pie'^'^iue of the 'm which the barome- 
ter directly mcasuies ■md the tcmpcnture of the va- 
por muBt be tlie same m, thi, tempcntuie of tlie bat]i. 




"We can now remove the globe, and, after it is 
cooled ind carefully cleaned, weigh it at our leisure. 
We sfc remember, however, that the apparent weight 
t tl e globe in the balance is not its true weight, be- 
ca lae 1 ke a balloon, the globe is buoyed up by the air 
it 1 spl ces, and we must therefore correct the ob- 
ee ved weight by adding to it the weight of the air 
displaced. This correction our knowledge of the weight 
of air under vai'ying conditions enables us to calculate 
with tlie greatest accuracy, assuming, of course, that 
the volume of the globe is known ; and, when, from 
the weight of the globe thus coiTected, we subtract the 
weight of the glass previously found, the remainder is 
the weight of alcohol-vapor which just filled the globe 
at the moment of sealing, and when it liad the tem- 
perature and pressure we have noted. 

Of the four quantities required, we have now ob- 
served three, namely, the weight of the vapor, its tera- 
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perature, and its tension. We also l^now that its vol- 
ume was that of the globe when we sealed np its 
mouth. Since, however, we use a new globe for each 
determination, we have always to measure its volume, 
and this, practically, is the last step of the process. 
The volume is most readily fonnd by filling the globe 
with water, and weighing. The weight of the water 
in gi'ammes gives the volume of the globe in cubic 
centimetres very closely. The globe, moreover, is 
easily fiHed, because the condensation of the vapor, on 
cooling, leaves a partial vaaium in the interior, into 
which the water rushes with great violence as soon as 
the tip is broken off under the surface of the liquid. 
Omitting certain small corrections which it is not best to 
discuss in this general exposition of the subject, we may, 
lastly, arrange our cjileulation in the following form : 

Delei'mination of the Molecular weight of Alcohol, % 
Jhtmaa' Method. 

Volume of glass globe 600 cubic centimetres. 

Temperattire at time of closing 273" oentigratle. 

Height of barometer measming the ten- ) Pj-g centimetres. 

eion of vapor at time of closing ) „„ 

Weight of globe and vapor 284.29 critJia, 

Correction for bnoyanej, equal to weigbt 
of SOD cubic centimeti'es of air at 0° 
cent, and 76 centimetres, the tem- 
perature and pressure in the balance- 
case when the globe was weighed. . . . 

241.50 " 

Weight of glass 230. " 

Weight of alcohol-vapor 11.50 " 

Weight of 500 cubic centimetres of hy- 1 

drogen gas at 373°, and 76 c. m. I ^^ 

fonnd by calculation, as esplainud | 

abore J 

11.50 -T- 0.5 = 33 sp. gr. of alcohol- vapor, 
23 X 2 = 40 molecular weight of alcohol. 
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The second process to which I referred waa origi- 
nally invented by Gay-L«ssac, but recently haa been 
very gi-eatly improved by Professor Hofmann, of Berlin. 
Hofmann's apparatus (Fig. 19) consists of a wide barom- 




Fia 19— HoflnaniisMetlioiof flndni! 



eter-tube ibout a metre long and giidnited mto 
cubic eentuneties This tibe la fillel vith meicury 
and inveited ovei a meieuiy-ci&tern, as m tJie ex^eri 
ment of Toini^lh {Tig 2f) The merciry siijl s of 
course, to the height of abont 76 centimetres, leaving 
a vacnoua space at the top of the tube, and into this 
space is passed np a very small glass-stoppered bottle, 
containing a few criths of the substance to be experi- 
mented on. Around the npper part of the tnbe is ad- 
justed a somewhat larger tube, also of glass, which 
serves as a jacket, and through this is passed steam 
(or the vapor of a liquid boiling at a higher tempera- 
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ture than water), in order to heat the apparatus to a 
constant and known temperature. 

Let us suppose that the substance, whose molecular 
weight we now wish to find, is common ether. We 




begin by weighing oui little bottle, fiist when empty, 
and then when hlled with ethei, thus determming, with 
gi'eat accmiey, the weight of the quantity of ether 
used. With a little dexterity we next pass the bottle 
under the mercury into the barometer-tube, wlien it 
at once rises into the vacuous space. We now pass 
free steam through the jacket, until we are sure that 
the temperature of the apparatus ia constant at, say. 
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100° centigrade. The ether, expanding with the heat, 
soon forces out the glass stopper by wliieh it was eon- 
fined, and evaporates into the space above the mercnry, 
depressing the eoliunn. At fii'st the column oscil- 
lates violently, but it soon comes to rest, and we can 
then read on the graduated scale the volume of the 
vapor which the weight of ether taken has yielded. 
This vapor is evidently at the temperature of boiling 
water, or 100° centigrade ; but what is its.tension ? 

The method of measuring the tension will be ob- 
vious if you reflect that, in this apparatus, the press- 
are of the air on the surface of the mercury in the cis- 
tern is balanced by the mereuiy column in the tube 
and the tension of the vapor pressing on the upper 
surface of this column. Hence, the height of the col- 
umn in the tube will be less than that of a true barom- 
eter in the neighborhood by just the amount of this 
tension. In order to find the tension, we have, there- 
fore, only to observe the height of the barometer, and 
subtract from this the height of the column in our tube, 
which we must now measure with as miieh accuracy as 
possible. Omitting, as in the previous example, a few 
small corrections, our calculation will now appear thus; 

Determination of tlie Molecular weight of Mher by 
Gcty-Xussac's method, improved ty Hofmann. 

Weight of eflier taken 2.B39 oriths. 

Volume of vapor formed 125 oiibio centimetreH. 

Tempwature of vapor 100° centigrade. 

Hejglit of barometer 76 c. m. 

Height of column in tube IB c. m. 

Tension of vapor 57 centimetres. 

Weight of 135 cubic centimetres of hj- j 

drogen gaa at 100° and 67 centime- \ 0.0686 of a crith. 

tres, by calculation ) 

2.589 -7- 0.0689 = 37 ap. gr. of ether. 
37 X 3 = 74 molecular weight of ether. 
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As has been stated, the two methods of determining 
molecular weight, joat described, apply only to those 
substances whieh can be readily volatilized by a moder- 
ate elevation of temperature. With some slight modi- 
fications, the first method may likewise be used for the 
permanent gases; and, by employing a globe of porce- 
lain, St.-Claire Deville has succeeded in determining, 
in the same way, the molecular weight of several sub- 
stances which do not volatilize nnder a red heat. But 
a great number of substances cannot be volatilized at 
all within any manageable limits of temperature, and a 
still larger nmnber are so readily decomposed by lieat 
as to be incapable of existing in the aerifonn condition. 
The molecular weight of such bodies cannot, of course, 
be determuied by direct weigliing. In most cases, how- 
ever, we are able to infer with considerable certainty 
the molecular weight of these non-volatile bodies from 
a knowledge of their composition and other chemical 
relations ; but, nevertheless, there are numerous in- 
stances in which the conclusions thus di^awn are veiy 
questionable, and a great deal of the uneei-tainty, which 
still obscures the philosophy of our science, arises from 
this circumstance. 
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In my previous lectures I have endeavored to give 
you a clear idea of the meaning which our modem 
ecience attaclies to the word moleoule. I must next 
attempt to convey, as far as I am ahle, the coiTespond- 
ing conception which the chemist expresses by the word 
atom. The terms molecule and atom are constantly 
coufounded ; indeed, have been frequently used as sy- 
nonymous ; but the new cheraietjy gives to these words 
wholly different meanings. We have already defined a 
molecule aa the smallest mass into which a substance is 
capable of being subdivided -without changing its chemi- 
cal nature ; but this definition, though precise, does 
not suggest the wliole conception ; for the molecule 
may be regarded from two very different points of view, 
■ according as we consider its physical or its chemical re- 
lations. To the physicist, the molecules are the points 
of application of those forces which determine or modify 
the physical condition of bodies, and he defines mole- 
cules as the small particles of matter which, under the 
influence of these forces, act &s>, units. Or, Hmiting his 
regards to those phenomena from which our knowledge 
of molecular masses is chiefly derived, he may prefer to 
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define molecules as those small particles of bodies which 
are not subdivided when the state of aggi-egation is 
changed hj heat, and which move as units under the 
influence of this agent. 

To the chemist, on the other hand, the moleculea 
determine those differences which distinguish sub- 
stances. Sugar, for example, has the qualities which we 
associate with that name, because it is an aggregate of 
molecules which have those qualities. Divide up a 
lump of sugar as much a^ you please. The smallest 
mass that yon can recognize still has the qualities of 
sugar ; and so it must be, if jou continue the division 
down to the molecule. The molecule of siigar is sim- 
ply a very small piece of sugar. Dissolve the sugar in 
water, and we obtain a far greater degree of subdivision 
than is possible by mechanical means ; a subdivision 
which, we suppose, extends as far as the molecules. 
The particles are distributed through a great mass of 
liquid, and become invisible ; stUl, the qualities of tlie 
sugar are preseiTed ; and, on evaporating the water, 
we recover the sugar in its soHd condition ; and, ac- 
cording to the chemist, the qualities are preserved, be- 
cause the molecules of sugar have I'emained all the 
while unchanged. 

Consider, in tlie second place, a lump of salt. You 
do not alter its familiar qualities, however greatly you 
may subdivide it, and the molecules of salt must have 
aU the salme properties which we associate with this 
eubstanee. Dissolve the salt in water, and you simply 
divide the mass into molecules". Convert tlie salt into 
vapor, as yon readily can, and again yoii isolate the 
molecules as before. But, through all these changes, 
the salt remains salt ; it does not lose its savor, T 
the individuality of the molecules is prescn'ed. 
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it with every substance. It is the molecules in which 
the qualities inhere. Hence the chemist's definition of 
a molecule : The smallest partAdes of a substance in 
which its quaUUes mhere, or the smallest particles of a 
svbstam,Ge which cam exist hy themsel/oes ; for both defi- 
nitions are essentially the same. 

Hitherto we have only considered molecules as dif- 
fering from each other in weight, and have learned how 
to determine their weight ; but now we have to regard 
them as differing in all those qualities which distinguish 
substances. Considering only the ordinaiy chemical 
relations of the two substances, a moleeiile of sugar dif- 
fers from a molecule of salt in precisely the same way 
that a lump of sugar differs from a lump of salt. In a 
woi-d, what is true of the substance in mass is tme of 
its molecules. Hence it is tliat, in studying the chemi- 
cal relations of substances, we may, as a rule, confine 
our attention to the relations between their molecules, 
and this very gi'eatly simplifies the problems with 
which we have to deal ; and, in the admirable system of 
chemical notation, to wliich I aliall hereafter call yom- 
attention, the symbol of a substance stands for one 
molecule, and in using these symbols to represent chemi- 
cal changes—reactions, as we call them — we always-ex- 
press the reaction as tating place between the individ- 
ual molecules of the substances concerned. 

Eut, although tlie molecules are the limit of the 
physical subdivision of a substance, the chemist cai-ries 
the subdivision stiU further; but, then, the parts ob- 
tained have no longer the qualities of the original sub- 
stance, and one or more new substances result. Of 
course, the chemist cannot, any more than the physi- 
cist, experiment on individual molccides. He must 
experiment on a mass of the substance, and the division 
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of the molecale must be an inference from tlie phe- 
nomena -which ensne. Let me call your attention to a 
few experiments which will illustrate this point : 

I crush tiiis lump of sugar in a mortar, and reduce 
it to what appears to be an impalpable powder, but a 
microscope will show that the powder consists of grains 
which are simply smaller lumps, and, in fact, masses of 
great size, compared with many organisms which are 
the objects of microscopic investigation. Each one of 
these grains ia sugar, and has all the essential qualities 
of sugar just as much as the lump. We next pom" the 
powdered sugar into water, in which, as we say, it dis- 
solves ; but the solution simply consists in dividing the 
grains still more, reducing them to molecnles, which 
become spread tliroughont the mass of the liquid. How 
are we to go any farther than this ! Very easily. I tate 
a few more lumps of sugar, and thi'ow them into this 
heated platinum crucible, when, in an inst:mt, a re- 
markable change takes place.- "We have the appearance 
of flame, and out of the sugar is evolved a mass of loose 
diarcoal. Evidently, this charcoal must have come 
from the sugar. The crucible is unchanged, and, be- 
sides the air, the sugar and platinum were the only 
substances present. Let me, however, enforce this con- 
clusion by still another experiment, which is even more 
striking : 

Instead of acting on the sugar simply with heat, we 
will now aet upon it with a strong chemical agent called 
sulphuric acid. For this purpose I have previously pre- 
pared about half a pint of verj' thick syrup, and with this 
Iwilljiow mix three or four times its volume of common 
oil of vitriol, constantly stiri'ing the mass as my assist- 
ant pours in the aeid. The syrup at once blackens ; 
soon it begins to swell, and now notice this enormous 
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body of loosely-coherent diareoal wliicli rises from tlio 
vessel. Here, again, the charcoal mnst have been 
evolved out of the sugar, for the sugar was the only 
substance common to the two experiments ; and, ad- 
mitting this fact, see to what it leads. 

The quahtiea of sugar inliere m its smallest particles, 
and must belong to the molecules just as truly as to 
these lumps. In our experiment the charcoal lias been 
evolved out of a considerable mass of sugar ; but the 
result would have been the same could we experiment 
on the individual molecules. It is evident, therefore, 
that the charcoal has been formed out of the sugar- 
molecules, and that each molecule has contributed its 
portion to this result. Wow, this charcoal, aithoiigh so 
hulhy, weighs fa/r less than the sugar. It couldj then, 
have foimed only a pait of the mass of the sngar, and 
only a part of the mass of each molecule; But what 
has become of the rest of the material % For the pres- 
ent, it must be sufficient to state that careful experi- 
menting has shown that, in this process, another sob- 
stance is evolved from the sugar besides charcoal, and 
that this substance is water. Moreover, since the weight 
of the water, added to that of the charcoal, entirely ac- 
counts for the material of the sugar, we conclude that 
in our experiment the sugar lias been resolved solely 
into charcoal and water. Each inoleeule, therefore, has 
been resolved into charcoal and water. In a word, the 
molecule has been divided. We cannot divide it by 
any physical means ; but we can divide it by chemical 
means, only we do not obtain thereby two smaller par- 
ticles of sugar, but a particle of charcoal and a particle 
of water. Such, then, is the evidence we have that 
a molecule of sugar can be divided; but the reason- 
ing here nsed is so important to the validity of our 
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modem chemical philosophy that I must not pasa it hy 
with a single example : 

One of the substances evolved from the sugar was 
water. Let us next see whether the molecules of tliJs 
most famihar substance can be divided. We have al- 
ready seen to what a wondei-ful degree of tenuity we 
can carry the mechanical subdivision of this material. 
The film of a soap-bubble, just before it bursts, is less 
tiian T,iT7i,F!F7 <*^ ^'^ ^^*^^ ^ thickness. A square inch 
of this film would weigh only one x.injTr <'^ ^ grain. 
Now, the unaided eye can easily distinguish the ^^ of 
an inch in length, or TT-Vinr of a square inch of area or 
a quantity of water in that film, weighing only Tir.Wir.Dinr 
of a grain. But a etUl greater subdivision than this ia 
possible, for, as we now know, when water is converted 
into vapor, the liquid mass breaks up into small parti- 
cles of wonderful tenuity, which we call molecules, and 
by expanding the vapor we can separate these molecules 
to an indefinite extent. We cannot, it is true, follow 
this subdivision with the eye, but we can discern it 
with the intellect ; and, furthermore, by determining 
the specific gravity of aqueous vapor with reference to 
liydrogen gas, we can very easily find the weight of 
the aqueous molecules, and we thus know that a mole- 
cule of water weighs eighteen microeriths. By physical 
processes we cannot carry the subdivision any further. . 
The smallest mass of water of which we have any knowl- 
edge weighs eighteen microeriths ; but we can divide 
the molecule chemically, as the following experiment 
will prove : 

In order to show you the decomposition of water 
by an electrical current, I have projected on the screen 
the magnified imago of a glass cell containing a email 
quantity of this familiar liquid, acidulated, however 
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(with sulphuric acid), in order to make it a eonduetor 
of electricity. Connected with the cell is what must 
be known to all of my audience as a voltaic battei'y. 
The conducting wires from the end plates of this com- 
hination teiininate in the two strips of platinnni, which 
you see projected on the screen. As soon as the con- 
nections are made, or, to use the technical phrase, as 
soon as the circuit is closed, an electric current flows 
through the water in the cell, passing from one 
of these poles to the other. The effect of this current 
is visible. Bubbles of gaa collect upon the platinum 
strips, and, as soon as they attain sufficient size, rise to 
the surface of the water, and this evolution of gas will 
go on so long as the electric cuiTent eohtinnes to flow. 
The gases evolved at the two poles are wholly different 
substances, and, in order to exhibit to you their charac- 
teristic qualities, I have prepared a second expei'iment : 

Standing on the table is a decomposing cell similar 
to the last, but very much larger, and so constructed 
that the two gases are collected as tbey rise from the 
poles, and conducted apart into these two glass bells. 
A very powerful electric current has been passing 
throngh the water in the cell since the beginning of 
the lecture, and already the bells ai'e filled with the 
two aeriform products. Both are invisible, but notice 
that the gas we have collected in the right-hand bell 
takes fire and burns with a pale and barely luminous 
flame. Here we have a very large bell full of the same 
gas, and on lighting this I think the flame will be visi- 
ble to all. Every one must have recognized this ma- 
terial. 

It is a well-known substance, which we call hydro- 
gen. It is one of the very few substances which we 
only know in the aeriform condition. It is, moreover, 



loy Google 



COilPOSITlON OF WATEli. 01 

the lightest form of matter known. A cnbic yard ot 
air at the temperature of this room (77° Fahr.) weighs, 
in round nuinbers, two pounds, while a cubic yard of 
hydrogen weighs only two and a half oanees. These 
rubber balloons, which are such familiar toys, illustrate 
very forcibly the wonderful lightness of this singular 
form of matter. 

Let ua turn now to the gas in the left-Iiand bell, and 
we shall find that it differs most stiikingly from the 
other, and in no respect is the difference more marked 
than in the weight. Tliis gaB is sixteen times heavier 
than hydrogen, that is, the difference between the den- 
sity of the two ia almost as gi'eat as that between iron 
and cork, and yet these invisible forms of matter are so in - 
tangible that it is diiEeult even for the chemist to appreci- 
ate tliis difference. Bringing now a lighted candle near 
tlie open mouth of the bell, you see that the gas will not 
bum ; but notice that, ae I lower the candle into the 
hell, the wax burns in the gas far more hrilHantly than 
in air. Observe, also, that this smouldering slow-match 
bm-sts into flame when immersed in the same mediiun. 
Evidently it supports combustion with great vigor, 
and, in order to illustrate this point still more strik- 
ingly, I will introduce into another bell of the same gas 
a spiral of watch-spring tipped, like a match, with a lit- 
tle sulphur, first setting fii-e to the sulphur. . . . See I 
the iron hums as readily as tinder, and fer more brill- 
iantly. We are dealing, in fact, with oxygen, the same 
gas which is foimd all aromid us in the earth's atmos- 
phere — only, in our atmosphere the oxygen is mixed 
with four times its volnme of an inert gas called nitro- 
gen, while as evolved from the water in our experiment 
it is perfectly pure. 

It is evident, then, that in this exj^eriment two 
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new substances are evolved, and the question arises, 
Whence do they come? If we examine carefully 
the conditions of the experiment we should find 
that, of all the substances present, the only one M'hich 
underwent any permanent change was the water. The 
weight of the platinum poles, for example, remains nn- 
changed, but the weight of the water is diminished in 
exact proportion to the amomit of gas evolved. These 
aeriform substances ai'e then educed from the material 
of the water. Moreover, it has also been proved that 
the water is completely resolved into these gases. The 
electric current is merely a form of energy, and, of 
course, can neither add nor remove ponderable mate- 
rial, and the weight of oxygen and hydrogen formed is 
exactly equal to the weight of water lost. As we say in 
chemistry, the electric current analyzes the water, and 
these gases are its sole constituents. 

Let me now call your attention to another fact con- 
nected with the process we are studying; and, in order 
that jou may observe the fact for yourselves, I will rr- 
peat the experiment with still a third apparatus, so 
constructed that we can measure tlie volumes of the 
two gases which are fonned. I have placed the appa- 
ratus in fi'ont of my lantern so that I can project on 
the screen a magnified image of the graduated tubes in 
wliich the gases are collected. 

Ton notice that the volume of one is hoice as large 
as that of the other, and this ratio is foimd to hold ex- 
actly when we malte the esperiraeiit with the very 
gi-eatest accuracy. The larger volume is hydrogen, the 
lesser oxygen. But oxygen, as I have said, is siteteen 
times as heavy as hydrogen. Hence, there is dffht 
times as much material in the half-volume of oxygen as 
in the whole volmne of hydrogen, or, in other words, 
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when water is decompo'ied by eleetiolisis, there is 
eight tiijieB is much oxygen pioduued as hydrogen. 

We legaid, then, this experiment as estiblishing, 
beyond ill contioveiey, the fict thit watei is composed 
of oxygen and hjdiogen gases in the pioportions of 



eight to one, 01, lu othei ^Jid-^, tint m every nine 
parts of Tiatei theie aie eijjht pirts of oxjgen and one 
part of hjikogen But, it this i^ tine, it must be true 
of the smallest mass of water as well as of the largest. 
It must be trae, then, of the molecule of \yater. Now, 
one molecule of water weighs 18 microcriths. Hence, 
of those 18 microcriths, one-ninth, or two microcriths, 
must consist of hydrogen, and eight-ninths, or 16 micro- 
criths, must consist of oxygen. Please notice that this 
is a result to which our experiment dheetly leads, and 
is as much a fixed tmth as any results of obseryation. 
Unless our whole science is in error, and Avogadro's 
law a delusion, then it is an established fact that the 
molecule of water weighs 18 microcriths, and equally 
certain, that this molecule consists of 16 microcriths of 
oxygen', and of 2 microciiths of hydrogen. Morc- 
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over, it is also evident that, wiien we analyze water, as 
in this experiment, the molecules are divided, and that, 
from the material thus obtained are formed the mole- 
cules of the two aeriform substances which are the 
products of the process. As yet I advance no tlieory 
as regards the nature of this process, or of the condi- 
tion in which the two substances exist in the molecule 
of water. I am only dealing with the bare fact that 
they are evolved out of the molecule, and that the 
molecule is thus divided. There are a great many 
other chemical processes by which water may be ana- 
lyzed, and the result is in all cases precisely the same, 
namely, that from every nine parts of water there are ob- 
tained eight pai'ts of oxygen and one of hydrogen. Of 
course this concurrence of testimony is very valuable, 
but we need not go beyond this simple experiment to 
establish the truth we have enunciated, and oui- experi- 
ment has this gi'eat advantage for the present purpose : 
There is nothing to complicate the process, and yon 
can be almost said to see that the oxygen and hydro- 
gen come from the water and from that alone. 

Such illustrations might be very greatly multiplied, 
but the two we have selected are Bufficient to show 
how the chemist is able to divide the njolecule, and 
that this division is always attended with the destruc- 
tion of the original substance, and the evolution from 
it of wholly different substances. We are now, then, 
prepared to classify the various changes which we ob- 
seiTfe in Nature, and define them according to the terms 
of the molecular theory. 

There are many changes in which the identity of 
the substance remains unimpaired, although the exter- 
nal form may be greatly altered, and in some cases even 
new qualities acquired. Thus, a bar of iron may be 
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drawn otit into wire finer than the fineet liair, may be 
rolled out into leaves. of exceeding tenuity, may 'be- 
come magnetized, and thus acquire a remai'kable pow- 
er of attracting other massea of ii-on ; but all this time 
the material remains michanged, and would be recog- 
nized by every one as iron. Such changes as these are 
called physical changes. They are necessarily attend- 
ed with very great changes in tlie relative position of 
the molecules, or even in their condition ; but the 
molecules remain undivided, and retain throughout 
their integrity. But there is another class of changes, 
whose very essence consists in the conversion of the 
substances involved into new substances. Coal and 
wood burn, and are thereby converted into those aeri- 
form substances which we designate collectively under 
the name of smoke. Iron rusts, and changes into a 
yeilowish-red powder. Out of white, sweet, soluble 
sugar comes this porous mass of black charcoal, and 
out of water come o^gen and hydi-ogen gases. Such 
changes as these are called chemical changes. They are 
caused by a change in the old molecules. New ones 
ai'o foi-med, and hence new substances are formed. 

In some eases the old molecules are divided into 
parts of a different nature. Thus, the molecules of 
sugar are dividediutomaesesof charcoal and water, and 
the molecules of water again are divided into particles 
of oxygen and hydrogen. In such cases, we say that 
the substance is decomposed into its constituent parts. 
In other eases, the old molecules attach to themselves 
more material, and new molecules, of greater 'weight, 
result, and we then say that the subst-anee has com- 
bined with another, as the coal with oxygen in the pro- 
cess of burning, and the iron with oxygen in the pro- 
cess of nisting, Thf^ first class of changes we call 
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analysis, the second, synthesis. The evidence of analy- 
sis is that each product of tlie change weighs less than 
the substance from which it was evolved. The evi- 
dence of synthesis is that the total product weighs 
more than the original snbstance. 

The oxygen and hydrogen gases, each apart, weigh 
less than the water from which they were formed, and 
the fact that the sum of their weights is exactly equal 
to that of the watei-, proves that they are the only 
products of the change, and that water is composed of 
these substances, and of these alone. The gas we call 
carbonic dioxide, which is the only product of the 
burning of pure coal, weighs more tlian the coal, and, 
since this excess of weight is exactly equal to that of 
the oxygen consnmed in the burning, we conclude that, 
in this process, the coal has combined with oxygen, 
and that the carbonic dioxide is a compound of those 
two substances. 

Tims ai'ise onr seientifie conceptions of combina- 
tion and decomposition, of synthesis and analysis. 
When we say that sugar is composed of charcoal and 
water, we mean merely that these two substances may 
be evolved from sugar ; and the evidence that they are 
the only constituents of sugar is that the sum of the 
weights of the two products Clonals the weight of the 
sugar. "Wlien. we say that water is composed of oxy- 
gen and hydrogen, we merely mean that these two 
substances may be ednced from water, and that, as be- 
fore, the weight of the two prodncts exactly equals the 
weight of the water. "When we say that carbonic di- 
oxide is composed of charcoal and oxygen, our asser- 
tion is based on the fact that, in the process of burning, 
the oxygen gas appears to absorb charcoal, and that 
the resulting gas weighs more than the oxygen by tlis 
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exact weight of the charcoal consumed. In the first 
two cases, the proof of the composition is analytical, 
in the third synthetical. In many cases we have both 
modes of proof. Thus, we can decompose water into 
oxygen and hydrogen gasee, and show that the weight 
of the products is exactly the same as that of the water 
which has disappeared. We can also combine hydro- 
gen with oxygen, and show that the weight of water 
formed is exactly cqiml to that of the two gases con- 
sumed. 

Notice the important part which the weight of the 
substances concei^ned in our processes phjys in this 
reasoning. That water consists of oxygen and hydrogen, 
and of nothing else, is a conclusion based on the fact 
that the weight of the substance has been found equal 
to that of its assumed constituents. Of course the 
reasoning hnplies the truth of the pi"inciple that in- 
crease of weight always indicates increase of material, 
and diminution of weight diminution of material, or, 
in other ivords, that the weight of a body is propor- 
tional to the amoimt of material it contains. But this 
principle, so obvious now, is by no means, as might at 
first appear, self-evident, and it is only comparatively 
recently that it has become an accepted principle of 
science. It was never fully enunciated before New- 
ton, and, although his master-mind was able to estab- 
lish the foundations of astronomy on this basis two 
centm-ies ago, it is only compai'atively recently that 
the principle has been fully accepted in chemistry. 
For years after Newton, the chemists believed univer- 
sally in a hind of matter called phlogiston, which not 
only could be removed from a substance without dimin- 
ishing its weight, but whose subtraction actually added 
to the weight. It is the great merit of Lavoisier that 
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he clearly conceived of this principle, and insisted on 
its application in cliemistiy. Ho was tlie first to see 
clearly tliat, in every chemical process, increase of 
weight ineans increase of mateiial, and loss of weight 
loss of material. Iron, in ' iiisting, gains in weight. 
Hence, said Lavoisier, it has combined with some 
material. No, said the defenders of the phlogiston the- 
ory, such men as Cavendish, Priestley, and Scheele, 
it has only lost phlogiston. Yon are making too much 
of this matter of weight. Phlogiston diffei^ from yonr 
gross forms of matter in that it is specifically light, 
and, when tahen from a hody, increases its weight. 
We smile at this idea, and we find it difficult to believe 
that tiiese men, the first scientific minds of their age, 
could believe in snch absurdity. But we must remem- 
ber that the idea did not originate with them. It was 
a part of the old Greek philosophy, and from the pages 
of Aristotle was tanglit in every school of Eiirope until 
within two hundred years; and, even in our own time, 
we still bear of -imponderable agents. Text-books of 
science are used in some of our schools which refer the 
phenomena of heat and electricity to attenuated forms 
of matter, that can be added to or svihtraeted from 
bodies without altering their weight. Such facts should 
teaeh us, not that we aro so much wiser than our 
fathers, but that our familiar ideas of the composition 
of matter are not such simple deductions from tlie 
phenomena of Jf atnre as tlicy appear to us ; and this 
discussion of the evidence, on which these conclusions 
ai'e based, is therefore by no means superfluous. 

As the result of this discussion let us bear in mind 
that, when we say that water is composed of oxygen 
and hydrogen, we mean no mote tiian tliis, that, by 
1 chemical processes, these two substances can 
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be prodncDd from water, and that the weiglifc of tlic 
two products always eqnals the weiglit of the water 
employed ia the process ; or, on the other hand, that 
water may he produced by the combination of oxygen 
with hydrogen, and that the weight of the water thus 
formed is eqnal to the simi of the weights of the two 
gases. "VVe cannot say that water consists of hydi'ogen 
and oxygen, in tlie same sense that bread consists of 
flour, or syrup of sugar, and mortar of lime. "We must 
be very careful not to transfer our ideas of composi- 
tion, drawn chiefly from the mixtures we use in com- 
mon life, directly to chemistry. In these mixtures the 
product partakes, to a greater or less degree, of the 
character of its constituents, which can he recognized 
essentially unchanged in the new matei'ial, but, in all 
instances of true chemical union and decomposition, 
the qualities of the substances concerned in the process 
pntirely disappear, and wholly different substances, 
with new qualities, appear in their place. Prior to ex- 
perience, no one could suspect that two aeiifonn sub- 
stances lilie oxygen and hydrogen could be obtained 
from water, and the discovery of the fact, near the be- 
ginning of this century, marks an era in the history of 
science. And, even now, familiar as it is, this truth 
stands oiit as one of the most remarkable facts of Na- 
ture. Moreover, the wonder becomes still greater 
when we leani that water yields 1,800 times its vol- 
ume of the two gases, and_ that these gases retain 
their aeriform, con^itioii so persistently that no power' 
has been able to reduce them to the liquid condition'-; 
and still more the wonder grows, when we learn fur- 
ther that the amount of energy required to decompose 
a pound of water into its constituent gases woxild be 
adequate to raise a weight of 5,314,200 pounds one 
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foot high ; and tliat, -when these gases unite and the 
water ia reproduced, this energy again becomes active. 
Two experiments will enforce the truth of this state- 
ment : 

!Fop the first, I have mixed togetlier in this rnhber 
bag oxygen and hydrogen in the exact proportions in 
which they unite to form water, and, with the gas, 1 
will now blow up into froth the soap-suds contained in 
this ifon mortar — thus confining the gas only by the 
thinnest possible envelope. I will now ask my assist- 
ant to inflame the mixture with his lighted taper, when 
a deafening explosion announces to us that the chemi- 
cal union has taken place. But what has been the 
occasion of the development of such tremendous ener- 
gy ? The formation of a single drop of water, so small 
that yon could hold it on the point of a needle. 

For the second experiment I will burn the same 
gas-mixture at a jet, and show yon how great is the in- 
tensity of the heat which may be thus developed. This 
apparatus is the well-known compound blow-pipe ui- 
vented by our countryman Dr. Hare. The oxygen 
and hydi'ogen flow through rubber hose from separate 
gas-holdera into a very, small chamber, where they mix 
before issuing from the jet. The same chemical imion 
takes place here as before ; the same product (water) is 
fonned ; the same amount of energy is developed ; but, 
under these different conditions, the explosive gas 
bums with a quiet flame as it is gradually siipplied 
from the jet, and the energy, instead of being exjjended 
in driving back the air, and thus determining that vio- 
lent commotion in the atmosphere which caused the 
noise, is here manifested wholly as heat. And see how 
intense tlie heat is ! . . . It is a steel file which is burn- 
ing with saeh rapidity in this flame. As I have ah'eady 
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told you,' heat is OEly a mode of energy, and, like any 
other manifestation of power, may be measnred in foot- 
pounds. Hence, this brilliant experiment is an apt 
illustration of the amoiint of energy developed m the 
production of water. In witnessing the magnitude of 
the effects, we ai'e surprised, as before, by the apparent 
inadequacy of the cause; for the amount of water, 
■whose production was the occasion of all this display 
of power, is only a few drops. 

Who could believe that such power was concealed 
in the familiar liquid whicli is so intimately connected 
with our daily life ? Between the qualities of water and 
the qualities of these gases there is not the most distant 
resemblance. When the water is decomposed, the 
qualities of the water are wholly lost in the qualities 
of the two gases produced fi-om it, and a certain amount 
of ener^ is absorbed. When the water is foi-med, the 
qualities of oxygen and hydrogen are wholly merged 
in those of the resulting liquid, while the same amount 
of energy is set free. Wlictlier the oxygen and hydi-o- 
gen exist, as. such, in the water, or whether they are 
produced by some unknown and unconeeivcd transfor- 
mation of its substance, is a question about which wo 
may speculate, but in regard to which we have no 
knowledge. All we know is, that the change of water 
into the two gases or of the two gases into water is 
attended with no change of weight, and hence we con- 
clude that in the change the material is preserved, or, 
in other words, that water and the gases are the same 
material in different forms. 

Now, the only theory which has as yet succeeded in 
giving an intelligible explanation of the facts, assumes 
that hydrogen and oxygen do exist as such in water, 
preserving each its individuality ; that each molecule 
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of water consists of tliree particles, two of hydrogen 
and one of oxygen ; that, when the water is decom- 
posed, the molecules are broken up, and tliat then the 
oxygen particles associate themselves together to form 
molecules of oxygen gas, and the hydrogen particles to 
form molecules of hydrogen gas ; that, on the other 
hand, when the gases reeomhine, the reverse takes 
place, each particle of oxygen nniting to itself two par- 
ticles of hydrogen to form a molecale of water. 

These parts of molecules (these particles, into 
which the molecules break up nndec various chemical 
processes) are what we call atoms, and this tlieory is 
the famous 'atomic theory, which has played such a 
prominent part in moclem chemistry. "We shall find, 
aa wo proceed, that there is very strong evidence in its 
support. Indeed, without it a lai^e part of the mod- 
ern science wonld be wholly unintelligible ; and, were 
I to confine my regards to purely cliemical facts, I 
should regard the evidence in its favor as ovei-whelra- 
ing. Still, I must confess that I am rather drawn to 
that view of Nature which has favor with many of the 
most eminent physicists of the present time, and which 
sees in the cosmos, besides mind, only two essentially 
distinct beings, namely, matter and energy, which re- 
gards all matter as one and all energy as one, and 
which refers the qualities of substances to the affections 
of the one substratum, modified by the vai7ing play 
of forces. According to this view, the molecules of 
water are perfectly homogeneous, and the change, 
which takes place when water is decomposed, does not 
consist in the separation from its molecules of pre- 
existing particles, but in imparting to the same mate- 
rial other affections. 

I know that this language is very vague, but it is 
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no more vague than tlie idea it attempts to embody. 
Still, vague as it is, no one who has followed modem 
physical discussions can doubt that the tendency of 
physical thought is to refer the differences of substances 
to a dynamical cause. Nevertheless, as I said, before, 
the atomic theory is tlio only one which, as yet, has 
given an intelligible explanation of the facta of modem 
chemistry, and I shall next proceed to develop its fun- 
damental principles. I wish, however, before I begin, 
to declare my belief that the atomic theoiy, beautiful 
and consistent as it appears, is only a tempoi'ary expedi- 
ent for representing the facts of chemistry to the mind. 
Although in the present state of the science it gives 
absolutely essential aid both to investigation and study, 
I have the conviction that it is a temporary scaffolding 
around the imperfect building, which will be removed 
as soon as its usefulness is passed. I have been called a 
bHnd partisan of the atomic theory, hut, after this dls- 
claimei', you will understand me when, during the re- 
mainder of this course of lectures, I shall endeavor to 
present its principles as forcibly as I can. 
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In my last lecture I etatecl ttat in a chemical com- 
pound the qualities of the constituents are wholly merged 
in those of the prodnet, and that this circumstance dis- 
tuiguisheB a tiiie compound from a mechanical mixtm-e 
in -which the qualities of each ingi-edient are to a greater 
or lees extent preserved. Tliia distinction is one of 
very great importance in chemistry, and I will begin 
mj lecture this evening by asking yynr attention to a 
simple experiment, which will recall the principal 
points of our discussion at the last lecture and at the 
same time illustrate still other aspects of this impor- 
tant subject. 

I have prepared a mixture of finely-divided iron 
(iron reduced by hydrogen) and flowers of sulphur. 
The two powders have been nibbed together in a mor- 
tar until the mass appears perfectly lioraogeueons and 
it is impossible with the unaided eye to distinguish the 
gi-ains of either substance, and yet nothing is easier 
than to show that both are here wholly unchanged. 

For this purpose I wiU, in the fii-st place, pour npon 
a portion of the powder some of this colorless liquid 
called sulphide of carbon, which dissolves sulphur with 
giMjat eagerness. After shaking the two together we 
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find left on the bottom of our glass beaker a qnaatitj 
of a black poivder, which, as the magnet shows at 
once, is h'on. In the second place I will stir up 
another portion of the mixture with alcohol, using tliis 
liqiiid to hold the powder in enspension so that I can 
pick out thegi'aina of iron with a magnet. Using this 
bar-magnet as a stirring-rod, I can thus readily wash 
out the sidphm- from the iron which adheres to the 
magnet, and we recognize at once the yellow color as 
the particles of snlpliui' settle to the bottom of the jar. 

Having sliown jon now tliat both iron and sulphur 
are here present, with their qualities wholly unaltered, 
I will next take a third portion of the powder, and, 
having made with it a small conical heap, apply a 
lighted match to the apex of the cone. A glow at 
once spreads thi-otigh the whole macs, which is an evi- 
dence to me that a chemical change lias taken place, 
and in that change the sulphur and iron have disap- 
peared. The mass has somewhat caked together, but 
we can easily pulverize it again, and our product is 
then a black powder not differing very great!y in ex- 
ternal appearance from the original material. Bat from 
this black powder the sulphide of carbon can dissolve 
no sulphur, and the magnet can remove no iron. 

The qualities both of the iron and the sulphur have 
disappeared, and those of a new substance we call sul- 
phide of iron have taken their place, and the only evi- 
dence we have tlmt the material of the eidphnr and the 
material of the iron are still here is the weight of the 
sulphide of iron, which is exactly equal to that of the ' 
sulphur and iron combined. So long as the sulphide 
of iron remains sulphide of iron, no scrutiny can de- 
tect in it eitlier sulphur or iron, and we must have re- 
course to other chemical processes in order to repro- 
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duee these substances. In old times, before men Iiad 
dearly conceived that weight is the measure of mate- 
rial, and that, aa thus measured, no material is ever 
lost, it was supposed that in sneh experiments as this 
the suhstaneea involved underwent a mysterions trans- 
formation ; the e^eneo of matter, whatever it might 
he, changing its dress, and appearing in a new garb ; 
and men I'easoned, " If such transfonnations as these 
ai-e possible, why not any others ? " and hence centuries 
were wasted in vain attempts to transfonn the baser 
metals into gold. Our present convictions that such 
transmutation is impossible are based on the knowl- 
edge we have obtained by following to its legitimate 
consequences the great piinciple established by l^ew- 
ton ; when tlie weight remains, we are pcreuaded that 
the material remains. The weight of tlie eulphido 
of iron is exactly equal to that of the sulphur and h-on 
combined. Hence we conclude that every atom of the 
iron and every atom of the sulphur still remain in our 
product, the only difference being that, whereas, previ- 
ously, the atoms of the sulphur wei'e associated to- 
gether to form molecules of sulphur, and those of the 
iron to fonn molecules of iron, they are now associated 
with each other to form molecules of sulphide of iron. 
According to our atomic theory, then, in one sense 
at least, chemical combination is only a mixture of a 
finer degree. If we place on the stage of a powerful 
microscope a portion of the- powder with which wo 
have just been experimenting, we can distinguish the 
"grains of sulphur and those of iron, side by side ; and 
so, according to our theory, if we could make micro- 
scopes powerful enough, we should see in the sulphide 
of iron the atoms of its two constituents. But, al- 
though, in this one respect, our modern ehemistry 
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regards combination as merely a more intimate mix- 
ture, yet it recognizes a very great difference between 
tlieee two classes of products indicated by a most re- 
markable characterietie, to which I have next to direct 
your attention. 

Chemical combination always takes place in certain 
definite proportions, either by -weight or measure. 
Thus wc may mix together sulphur and iron in any 
proportion we choose, but when, on, heating, combina- 
tion takes place, 56 grains of iron combine with just 32 
grains of sulphur ; and, if there is an excess of one or 
the other substance, that excess remains imcombined. 
If there is an excess of sulphur, there remains so much 
free sulphur; ■which we can dissolve out with sulphide 
of carbon ; and, if there is an excess of iron, there re- 
mains so much metallic iron, whicli we can separate 
with a magnet. So is it, also, in the combination of 
oxygen with hydrogen to form water. Eight gi'ains of 
oxygen combine with exactly one grain of hydrogen, 
and any excess of either gas remains unchanged, and 
in all cases of chemical combination and decomposition 
similar definite proportions are preserved between the 
weight of the several constituents, which unite to form 
the compound, or result from its decomposition. 

It is an obvious esplamition of this law of definite 
proportions tliat the small particles or atoms between 
which the nnion is assumed to take place, have a defi- 
nite weight ; in other words, are definite masses of 
matter. li^ow, the atomic theory supposes, in the com- 
bination of sulphur and iron, for example, that the two 
materials break np into atoms; that an atom of iron 
xmites with an atom of sulphur to form a molecule of 
sulphide of iron, and that the union takes place in the 
proportion by weight of 56 to 32, simply because these 
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numbei-s represent the relative weight of the two soH.s 
of atoms (the atoms of the same Biibatance being all 
alike, and all having the same size and weight). In 
the ease of water, for reasons which will hereafter ap- 
pear, it supposes that two atoms of hj-drogen combine 
with one atom of oxygen to form a molecule of water, 
and, since each atom of oxygen weighs sixteen times as 
much as an atom of hydrogen, the two substances must 
combine in the proportion of 2 ; 16, or 1 : 8, as stated 
above. 

The principle we have been discussing is hnown in 
chemistry aa the law of definite proportion. It was 
first clearly stated by Wenzel and Kiehter, in 1777, 
and the atomic theory, although itself as old as phi- 
losophy, was first applied to the explanation of the law 
by the English chemist Dalton, in 1807. Subsequent 
discoveries have greatly tended to confinn this theory, 
but, before we can appreciate their bearing on our sub- 
ject, we mnst endeavor to gi-asp another of the ele- 
mentary conceptions of our science. As in previous 
eases, I sliall not content myself with stating the tmth, 
but endeavor to show how it is deduced from observa- 
tion, 

The study of chemistry has revealed a remarkable 
class of substances, from no one of which a second sub- 
stance has ever been produced, by any chemical pro- 
cess, which weighs less than the original substance. 
Let me illustrate -what I mean by a few experiments : 

The white powder which is counterpoised on the 
pan of this balance is called sulphocyanide of mercuiy, 
and has been used in the preparation of a toy called 
Pharaoh's serpent. Tou have all probably seen the ex- 
periment, but perhaps have not observed the featm-e to 
which I wish to call your attention. As in the previ- 
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oua experiment, I ImvD made witli tlie powder a small 
conical heap, and I will now apply the flame of a match 
to the apex of the cone. The mass takes fire and hun]S, 
but, so fivr from its being consmned, there rolls up from 
it a great body of stiifE" whose singular shape snggested 
the name of the expeiiment. 

It !3 certainly a most remarkable clicmical change ; 
for, from a small amonnt of white powder, we have 
produced this great volume of brown matenal. More- 
over, the conditions of the expei"inient are snch tliat it 
is evident that the material mnst have been formed 
from the white powder. The only other substance 
present is the atmospheric air, which, although it playa 
an important part in the change, could not have yield- 
ed this singular product. Notice, now, that the prod- 
uct, volnminona as it is, weighs less than the original 
substance. This is the feature of the experiment to 
which I wish especially to direct your attention, and 
the inference to be drawn from it is obvious. The sul- 
phocyanide of mercury has been decomposed, and the 
material of this brown mass was fonnerly a pai't of the 
material of this substance. 

Allow me next to recall to your minds the experi- 
ments wo made in a previous lecture with sugar. In 
these experiments the sugar was converted mto charcoal, 
and the conditions wei'e such that the charcoal must 
have come from the sugar, and from nothing else. 
Kow, since the charcoal weighed less than the sugar, it 
was evident that the material of the charcoal was a 
part of the material of sugar, or, in other words, that 
one of the constituents of sugar is charcoal. As I 
then stated, charcoal was not the only product of those 
chemical changes. Water was also produced, and un- 
der sneh conditions that the material of the water must 
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have come from the material of sugar, and from that 
alone. Hence, we feel justified in concluding that a 
part of the material of sugar is water ; and finding, 
further, that the weight of the charcoal and water to- 
gether is equal to that of the sugar, we also conclude 
that the material of sngai- consists of charcoal and wa- 
ter, and of these substances only. 

So, also, in the experiment of decomposmg water by 
an electrical current, it is evident that the hydrogen gas 
produced comes from the water, and, as the hydrogen 
obtained weighs far less than the water consumed, we 
conclude that a part of the material of water is hydro- 
gen. For the same reasons we conclude that a part 
of the material of water is oxygen ; and, lastly, since 
the weight of the oxygen and hydrogen together just 
equals the weight of the water, we conclude that the 
material of water consists whoUy of hydrogen and oxy- 
gen. Let me ask your attention now to still anotlier 
experiment : 

I have counterpoised on the pan of a second bal- 
ance a few grammes of that same finely-pulverized iron 
which we have already used in this lecture. In this 
condition metallic iron bums in the air with the gi-eat- 
est readiness. We need only touch the powder with 
a lighted match when a glow spreads through the mass 
as thi'ough tinder. Notice that the conditions of the 
experiment ai-e sucli that no substances can concur in 
the change except iron and air. As the result of the 
change a new substance is produced, just as in the 
other cases, and this substance we call oxide of iron. 
Is, then, this new substance a part of the material of 
iron, in the same sense that oxygen is a part of the 
material of water % The only circumstance which 
points to a different conclusion is what the balance 
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indicates. The iron has increased in weight, proving 
that material has been added to it, and not taken from 
it; and,, as yon all know, the iron, in burning, has 
combined with the oxygen of the air. Oxygen, then, 
13 the material which haa been added. 

This experiment illustrates a moat remai-kablc truth 
in regard to the substance we call iron. By various 
chemical processes wb can produce from the metal Inm- 
dreds of different siibstanees, but, in all cases, the con- 
ditions of the experiment, and the relative weight of 
the products, prove that material has been added to 
the iron, and not taken from it. By no cliemical pro- 
cess whatever can we obtain from iron a substance 
weighing less than the metal used in its production. 
In a word, we can extract from iron nothing but iron. 

Now, there are sixty-three (possibly sixty-five) dif- 
ferent siibstances of which this same thing can bo said. 
From no one of these substances have we been able to 
extract any material save only the substance itself. We 
are able to convert them into tbousands on thousands 
of other substances ; but, in all cases, the relative 
weight of the products proves that material has been 
added to, not tahen from, the onginal mass. To use 
the ordinary language of science, we have not been 
able to decompose these substances, and they are dis- 
tinguished in chemistiy as elementary substances. 

These Bnbstances are frequently called chemical ele- 
ments, bnt our modern chemistry does not attach to 
this term the idea that these substances are primordial 
principles, or self-existing e^enees, out of which the 
universe has been fashioned. Such ideas were mbo- 
eiated with the word dement in the old Greek philos- 
ophy, and have been frequently defended in modern 
times ; and, so far as the words clesicnt and elcment- 
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Ijiet of ElemenUii'y Substances. 



Antiinonj", Sb, 

Aiaenie, As, 

Baiium, Ea, 

Bismntli, Bi, 

BoroB, B, 

Bromine, Br, 

Oftilmium, Cd, 

Cioaiam, Ca, 

Colcram, Oa, 

Caibon, C, 

Oenum, Ce, 

OJilorino, 01, 

Chromium, Or, 

Colalt, Co, 

Coliim'biuia, Ct, 

Copper, On, 

Diciyminin, D, 

Erbium, E, 

Fluorine, F, 

Gluainum, GI, 

Gold, Ah, 

Hydrogen, II, 

Indium, In, 

Iodine, I, 

Iridium, Ir, 

Laothanma, La, 

Lead Pb 

L luum L 
Ma ne urn ¥ 
Manganese Mn, 

T J R gfc,est Fncli ideas tliev i e unfortnnnte terms, 

E 1 er ment 1 se e ce -nloich deil only with legitimate 

de luet ons f o n the fa ta of ol ration, has nothing to 
1 ith anv laud f s enccs e eept those which it can 



Mcrcmj, 


Us, 


... 200 


Molj bdcnuni 


,lIo, . 


... 03 


Niael, 


H"i, . 


... 63 


Nitiogen, 


n, . 


.. 14 


Ownmm, 


Os, . 


... 100.3 


Oxyt'en, 


0, . 


... 10 


Pall idnim, 


IW, . 


.. 106.8 


Pbosplioiu'i, 


p, . 


.. SI 


Platmum, 


Pt, . 


.. 10T.4 


Potaasmm, 


X, . 


. . 89.1 


Ithodmra, 


Eh, . 


.. lOi.4 


Eubidmm, 


nb, . 


. . 85.4 


Eutbeninmj 


Eu, . 


.. 104.4 


Salenmm, 


Se, . 


... 79.4 


Silicon, 


bi, . 


... 28 


Sdici, 


Ak, . 


.. 108 


° odium. 


Wa, . 


... 23 


•jti ontium. 


Sr, . 


. . . 87.5 


bulphni. 


S, . 


... 33 


Tintolaw 


Ta, . 


... 183 


Tolhirinm, 


Tfi, 


... 128 


Tliallni.n, 


TI, 


...304 


Thoimm, 


Th, . 


... 2S1.4 


Tin, 


Pn, 


... IIG 


litanium 


Ti, 


... 50 


TungBttn, 


W, 


... 184 


TJr^Quira, 


Ur, 


... 118.3 


Vanadium, 


Vo, 


... 51.3' 


Tttimm, 


i't, 


... 61.7 


Zn 


Zd, 


... 05 


Z onium, 


Zr, 


. . . 85.fi 
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see, Emell, or taste. It leaves all otbcrs to the metaphy- 
sicians. It knows no difference between elementaiy 
substances and any other class of substances, except tlie 
one already pointed out. No one can distinguish an 
elementary substance by any external signs. Snlphiu- 
and charcoal are elementary subatances, chalk and fluit 
are compound snhstances ; but who would know the 
difference ? And, seventy-five yeai-s ago, men did not 
know that there was any ditFerence. Modern chemis- 
try has shown, by a process of reasoning precisely sioii- 
lar to that which we have diecnssed, tliat out of the 
material of chalk we can obtain a metal called calciimi, 
and out of flint a combustible substance .called silicon ; 
while, from the material of ehai'coal or sulphiu', we can 
educe no product but the same charcoal or sulphxir 
again. Hence, we say that the firet ai-e compound eub- 
stanees, and the last elementary ; but, were a process 
discovered to-moiTow by which a new substance was 
produced from the material of sulphur, we should hail 
at once the discovery of a new element, and siilphur 
would be banished forever from the list of elementary 
substances. Yet the qualities of sulphur would not be 
changed thereby. It would still be used for making 
Bulphunc acid and bleaching old bonnets, as if notliing 
had happened. All this may seem very trivial, but 
there is no idea more common, or of which it is more 
diffieidt to disabuse the mind of a beginner in the study 
of chemistry, than the notion that there is something 
peculiar or unreal about what is called a chemical ele- 
ment ; and the conception that an element is a definite 
substance, like any other substance, is usually the he- 
ginning of clear ideas on the subject. I hope I have 
been able to make this truth prominent, and also to 
impress the further trath that all our knowledge of the 
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composition of matter is based on the fundamental 
principle that weight is the tnie measure of quantity 
of material, which is simply the iirst postulate of the 
law of gravitation. This great law of Newton is thus 
the basis of modem chemistry as ipueh as it is of mod- 
em astronomy. 

We are now prepared to accept intelligently the 
following general propositions : 1. That all substances 
may be resolved by chemical processes into one or 
more of the sixty-three elementary substances; 2. That 
all substances not themselves elementary may be re- 
garded as formed by the union of two or more element- 
ary siibstanoes. Of course, the second is merely the 
reverse of the first, and is implied by it ; but the two 
represent the two methods of proving the constitution 
of substances, whicli we have called analysis and syn- 
thesis. Of these the analytical proof alone is imiversally 
possible. In by far the larger number of cases, how- 
ever, we are also able to effect the synthesis of substances 
by uniting the elements of whicli they consist, but 
there is still a considerable number of substances which 
have never been produced in this way. 

Having acquired the conception of an elementary 
substance, and of its chemical relations, we can now 
give to the law of definite proportions a more precise 
statement. As I have already said, the law is uni- 
versal. It applies to all kinds of diemical changes, 
and to all classes of substances, elementary as well as 
compoimd. But elementary substances arc only sus- 
ceptible of that class of changes we have called syn- 
thetical. They can combine with each other, but they 
cannot be resolved into other substances. Hence all 
the information in regard to them, which the law, as 
thus far enunciated, gives us, is that, when they com- 
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bine, the union takes place in deSnito proportions by 
weight 01" volume. Bat this is not all the truth. There 
is a law governing the definite proportions, and the 
proportions of the diit'erent elementary substances 
which unite to form the various known compoiinds 
are so related that it is possible to find for each ele- 
ment a number, such, that, in regard to the several 
numbers, it may be said that the elements always com- 
bine in the proportion ■ by weight of these numbers 
or of some simple multiples of these numbers. This 
cupplement to the law of definite proportions is known 
as the law of m'oUijjle proportions ; but, if we accept 
the atomic theoiy, both laws are merely necessary con- 
sequences of the constitution of matter wliich this the- 
ory assumes to exist. Let us, in the first place, imder- 
stand fully the facts, and we shall then be prepared to 
consider their bearing on our theoiy. 

In the list of chemical elements above there has 
been placed against the name of each substance a num- 
ber which, for the present, using a term ' suggeste'd by 
Davy, Tve will call its proportional number. Now, the 
same elementary exibstances frequently combine with 
each other in several definite proportions, but these 
proportions, estimated by weight, are invariably those 
of these niimbei's or of their simple multiples. For 
example, there are two compounds of carbon and oxy- 
gen, whiih contain the relative number of parts, by 
weight, of each element indicated below : 



Carbonic ositle, 
Carbonic dioxide, , 



There are five compounds of nitrogen and oxygen 
hose composition in parts, by weight, is as follows : 
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Witrogs oxide, 
Nitric osiile, . . 
Dinitrio trioside, . 
Hitrio dio.tide, 
Dinitrio pentosidc, 



Mangaaous fluoritle, . . 
Dimaogauic hesafluoriile, 
Manganic fluoride, . . . 
DimaDganio fluoritle, . . 



Exiimjsles like these might be muItipUed indcfinitclj, 
and the law holds not only when two elements vmite, 
bnt also when several nnite in forming a compound. 

There is still another property of these numbers 
which mnst not be passed unnoticed, although it is im- 
plied in what lias already been said. The two num- 
bers, or their multiples, which express the proportions 
in which each of two elements combines with a third, 
express also the proportions in which they trnite with 
each other. Thus, Tl parts of chlorine combine with 
either 32 parte of sulphur or with 56 parts of iron. 
So, in accordance with the law, 56 parts of iron com- 
bine with 32 of sulphur. Again, li parts of nitrogen, 
and also 381 (= 3 x 137) pai'ts of iodine combine with 
3 parts of hydrogen, and so 14 parts of nitrogen unite 
with 381 of iodine. Lastly, either 16 parts of oxygen, 
or 32 parts of sulphur, combine with 2 parts of hydro- 
gen, and so 33 parts of sulphur combine with either 
32 (= 2 X 16) parts, or with 48 (= 3 x 16) parts of oxy- 
gen. In the accompanying table these results arc 
given in a tabular forai : 
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3 pOTta of sulphur combine ivitli Vl parts of clilorino. 



hjdrogcn 



tygen 

Ipluii' 


" 3 

" 3 


" 


" 2x10^33 




" 3xJG = 43 



From the facts let us pass, for a moment, to their 
interpretation, and notice how they at onee suggest an 
atomic theosy. To the question which the mind asks, 
"What mean those definite weights^" the suggestion 
comes at once, they must mean definite masses of mat- 
ter; they must be the relative weights of those little 
masses we have called atoms. And see wliat a simple 
interpretation the atomic theory gives of this whole 
class of phenomena. Assiune tliat there are as many 
kinds of atoms as there are elementary substances ; that 
all the atoms of the same element have the same 
weight, and that the " proportional mimbers " express 
the relative weight of the different atoms. Assume 
further that combination consists merely in the union 
between atoms, and tliat chemical changes are deter- 
mined by tlicir aggregation, separation, or displace- 
ment, and we have afc once a clear conception of the 
manner by which the remarkable results we have been 
studying may be produced. When two elementary 
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; combine, it must be tbat a single atom, or 
some deiinitc number of atoms of one, imito with a 
definite number of atoms of the other, and therefore 
the combination must take place either in the propor- 
tion of the relative weights of the atoms, or in some 
simple multiple of that proportion. Moreover, when in 
any chemical change a new grouping of the atoms takes 
place, the same relative proportions miist be preserved. 
-From the conception of the atom we naturally re- 
turn to that of the molecule, in order to discuss the 
relation hetvreen these two quantities, which otherwise 
we should be liable to confound. You remember the 
physicist's definition of a molecule : " The small par- 
ticles of a substance which act as units," The mole- 
cules of hydrogen gas are the small, isolated masses of 
hydrogen, which move like so many worlds through 
the space occupied by the gas, and, by striking against 
the walls of the inclosure, produce the pressure which 
the gas exerts. The molecules of water, in lihe man- 
ner, are the small masses which fire driven apart by 
heat, and become active in the condition of steam. 
The chemist loohs at the molecule from a somewhat 
different point of view. To him the small masses are 
not merely centres of forces, but they are the pai-ticles 
in which the qualities of substances inhere. They are 
the smallest particles of a substance which can exist by 
themselves. So long as the integrity of the molecule 
is preserved, the substance is unchanged, but, when the 
molecules are broken up or changed, new substances 
are the result. We can carry mechanical division no 
further than the molecnle, but, by chemical means, we 
can break up the molecules, and the parts of the mole- 
cule thus brought to our knowledge arc the atoms. 
Take, for example, common salt : 
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The smallest particle of this salt which has a salt 
taste, and iii general I'etaiiis the qualities of salt, is the 
inolecule of salt. This molecule, as we know from the 
specific gravity of the vapor of salt, weighs 58.5 miero- 
criths. We also know by chemical analysis that, in 
every 58.5 parts of salt, there are 35.5 parts of chlo- 
rine and 23 parts of sodium. Hence, a molecule of 
salt must contain 35.5 mici'ocriths of chlorine and 23 
mierocriths of sodium, and, in any chemical process in 
which chlorine gas or metaUie sodium is extracted 
from salt, each molecule must he subdivided into tlieso 
two parts. Now, both chlorine gas and sodium are 
elementary substances, and our theory supposes that 
the numbers 35.5 and 33 represent the relative weights 
of their atoms. We, therefore, farther conclude that 
the molecule of salt is foi-med by the union of two 
atoms, one of chlorine and one of sodium. 

In like manner, the molecules of every compound 
substance are aggi'egates of atoms, of at least two atoms 
each. With the elementary substances it is different. 
There are many of these whose molecules are never 
subdivided, and in such cases the molecule and the 
atom are identical, but there are also several, of which 
the molecules can be shown to consist of two or more 
atoms. Thiis, the molecules of phosphorus probably 
consist of four atoms, those of oxygen of two atoms, 
and those of hydrogen, nitrogen, chlorine, bromine, 
and iodine, likewise of two. 

Assuming that the moleeide of hydrogen gas con- 
sists of two atoms as jnst stated, let us dwell on this 
fact for a moment ss explaining our system of estimat- 
ing molecular weights, whicli must have appeared, 
when stated, very arbitrary. You remember that, ac- 
cording to the law of Avogadro, equal volumes of all 
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gases contain, under the same conditions, the same 
niirabev of nioleeulea. Then, since a given volume of 
oxygen gas weighs sixteen times as much as the same 
volume of hydrogen gas, the molecule of oxygen mmt 
weigh sixteen times as much as the molecule of hydro- 
gen ; and, if we assumed the hydrogen-molecule as onr 
unit of molecular weight, the molecule of oxygen would 
weigh sixteen of those unita. So, also, as nitrogen gas 
weighs fourteen times as much as hydrogen, the nitro- 
gen-molecule would weigh fourteen of the hydrogen 
units. Again, as chlorine g^ weighs 35.5 times as 
mnch as hydrogen, a molecule of chlorine would weigh 
35.5 of the same units. But these numbers, 16, 14, 
and 35.5, are simply the specific gravities of the several 
gases referred to hydrogen; so that, if we took the 
hydrogen-molecule as the unit, the specific gravity of 
a gas or vapor referred to hydrogen would express the 
molecular weight of the substance in these units. In- 
stead, however, of taking the hydrogen-molecule as 
our unit, we selected tlio half-hydrogen molecule for 
that pui-pose, and called its weight a microcrith, thus, 
of course, doubling the numbera expressing the molec- 
ular weights. Ten pounds have the same value ae 
twenty half-pounds, and so sixteen hydrogen-molecules 
have the same value as thirty-two microcriths ; and 
thus it is that, with the system in nee, the molecular 
weight of a substance is twice the specific gravity re- 
ferred to hydrogen. 

Now, you can understand the reason why the half 
hydrogen-molecule was selected as the unit of molecu- 
lar weight, and made the microcrith. It was simply 
because the half-moleenle is the hydrogen atom. The 
microcrith is simply the weight of the hydrogen atom, 
the smallest mass of matter that lias vet been reeog- 
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jiiaed in science. The hjdrogen-mcleeule consists of 
two atoms, and therefore weighs two niicrocriths. The 
oxygen-molecule weighs sixteen timea as much as the 
hydrogen-molecule, and therefore weighs thirty-two mi- 
crocritbs. The specific gravity of carhoniodioxide gaa 
is 22, that is, it weighs twenty-two times as much as 
hydrogen. Its molecule is therefore twenty-two times 
as heavy as the hydrogen-molecule, and, of course, 
weighs forty-four microcriths. Hence, in general, the 
specific gravity of a gas referred to hydrogen is the 
weight of the molecule as compared with the hydrogen- 
molecule, and twice the specific gravity of a gas re- 
ferred to hydrogen is the weight of its moleeulo in hy- 
drogen atoms or microcriths. 

But you will ask : How do you know that the hy- 
drogen-molecule consists of two atoms, and, in gen- 
eral, how can you determine the weight of the atom of 
an element? This is a very important question for 
our chemical philosophy, and I will endeavor to answer 
it in the next lecture. 
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ATOMIC WEIGnTS AND CriESIICAT, SYMBOLS. 

As I stated in my last lecture, I am to ask your at- 
tention at tlie outset this evening to a diaeussion of tlie 
method by which the chemists have succeeded ia fixing 
what they regai'd as the weights of the atoms of the 
se 1 el m nt . This method is based, in the first 
pi n th p nciple that the molecular weight of a 

snb t n can le directly inferi'ed from its specific 
gr ti n th tate of gas or vapor, the weight of the 
m 1 ul f y substance in microeriths being equal 
to twice the specific gravity of the gas or vapor referred 
to hydrogen. This point has been so fully explained 
that it is unnecessary for me to enlarge upon it farther. 

In, the second place, our method is based on the 
principles of what we call quantitative analysis. I 
have ah-eady stated that the chemists have been able 
to analyze all known substances, and to determine with 
great accuracy tho exact proportions of the several ele- 
mentary substances which are present in each. The 
methods by which these results are reached are, for 
the most part, indirect, and frequently very compli- 
cated. They are described at great length in the 
works on this very important practical branch of our 
science, but it would be impossible to give a clear idea 
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of thein in this connection. It may be well to saj, 
however, that, in order to analyze a substance, it is not 
necesuary actually to extniet the several elementaiy 
substances and weigh them. Indeed, this can only 
very rarely be done, but we reach an equally satisfac- 
tory result by converting the unknown substance into 
compounds whose composition has been accurately de- 
teiinined, and from whose weight we can calculate the 
weights of their elements. 

For example, if we wished to determine the amount 
of sulphur in a metallic ore, we should not attempt to 
extract the sulphur and weigh it. Indeed, we could 
not do so with any accuracy ; but we should act on a 
given weight of the ore, say 100 gi'ains, with appropri- 
ate agents, and, by successive processes, convert all the 
sulphur it contained into a white powder called baric 
sulphate. Now, in accordance with the law of definite 
proportions, the composition of baric sulphate is invari- 
able, and we know the exact proportion of sulphur it 
contains. Hence, after weighing the white powder, 
wo can calculate the amotmt of sulphur in it, all of 
which, of course, came from the 100 grains of ore. 

Evidently, this method assumes an exact knowledge 
of the amount of sulphur in baric sulphate, which must 
have been determined previously. This was, in fact, 
found by converting a weighed amount of sulphur into 
baric sulphate, and, in a similar way, most of our 
methods of analysis are based on previous analyses, in 
which the definite compounds, whose composition we 
now assume is known, were either resolved into ele- 
ments or were formed synthetically from the elements. 

As the result of such processes as this, we have the 
relative amounts of the several elements present in the 
substance analyzed, and it is usual to state the I'csult 
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in per cents. Thus, the analyses of water, ealt, and 
stigar, give the results stated below : 



w...,. 


6.11 


Bugor. 


Hydrogen 
Oxygen . . . 


. 11.111 
.. 88.880 

100.000 


Sodium.... 
Cliloriae... 


. 33.32 
. G0.G8 

100.00 


Oarlion 49.00 

Ilyilrogeii... 6.0O 
Oxygen..... 51.44 

100.00 



Understanding, then, that we are in possesBion of 
means of determining accurately the weights of the 
molecules of all volatile componnds, and also the ex- 
act per cent, of any element which each substance eon- 
tains, we can readily comprehend the method employed 
for finding the weight of the atom. Let it be the 
weight of the oxygen atom which we wish to deter- 
mine. "We compare al! the volatile compounds of oxy- 
gen as in the diagram (p. 125). "VVe take the specific 
gravity of theii' vapors with reference to hydrogen, and, 
doubling the nnmber thus obtained, we have the molec- 
ular weights given in the column under this heading. 
The analyses of these substances inform ns what per 
cent, of each consists of oxygen. Hence, we hnow how 
much of the molecules consists of this element. The 
weight of oxygen in each molecule ia given in tlie last 
column, estimated, of course, like the molecular weights, 
in microcriths. Having thus drawn up our table, let 
me call your attention to two remarkable facts which 
it reveals. 

Kotice, first, that the smallest weight of oxygen in 
any of these molecules is 16 m.c. ; and, secondly, tliat 
all the other weights are simple multiples of this. 

Here, certainly, is a moat wonderful fact, Re- 
member that these numbers, ■which are displayed here 
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NjUIHB OB COUTOnKDa OF OSSGEH. 
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44 " 
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64 " 
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16 m.c. 
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16 
16 
16 
■6% 
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Atomic Weight of ChloHnc. 



,„...,C.™«o.0„>..„. 


Wolghtofmole- 


yel^lit of chlo- 


Hydroohlono aeiJ 


S6 5 m.c. 


35.5 ni.c. 


Acetjlio chlonile 


7«5 " 


35.5 " 


Ethylic chloride 


04 6 " 


85.5 " 


Phosgene gas 


91 " 


71. " 


Dioarbomc di(,hIoiide 


85 " 


71. » 


Ohromio oxyehlonde 


15j 2 " 






ISl 5 " 


106.6 " 




117 5 " 


106.5 " 




137 5 " 


106.5 " 


Oarbonio tetrachloride 


154 " 


143. " 


Dicarbonie tetrachloi ide 


Ibfi " 


143. " 


Silicic cMonde 


170 " 


142. " 


Tautalie chloride 


B69 4 " 


177.5 " 




3714 " 


177.5 " 




2(,7 3 " 


213. " 


Dicfuhonio liexaoHoiide 


237 " 


213. " 




71. " 


71- " 
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SO largely, are the reenlts of laborious investigations. 
Each one of them represents the result of weeks, fre- 
quently of months, of labor. The molecular weights 
were obtained by actually weighing the vapor of each 
gas, and thus finding its specific gravity; the .quan- 
tity of oxygen by analyzing each substance, and thus 
finding the per cent, of oxygen which it contained. 
Remember that the work has been done at different 
times, and by many different men, working wholly in- 
dependently of each other, and with no view to such a. 
result. Now, all this work done, and the results all 
brought together, it appears that the molecule of every 
tnown oxygen compound contains either 16 micro- 
ciiths of oxygen or some simple multiple of this quan- 
tity. It is impossible that this should be a chance co- 
incidence. That invariable repetition of 16 microcriths 
must have a meaning, and the only explanation we can 
give is, tliat it is the weight of definite particles of oxy- 
gen, which we call atoms. In other words, tlien, IG 
microcriths, the .smallest weight of oxygen known to 
exist in any molecule, must be the weight of the oxy- 
gen atom. In all those molecules, which contain 16 
m.c. of oxygen, there is, then, 1 atom of oxygen ; in 
those which contain 33 m.c. of oxygen, there are 2 ; 
and, in those which contain 48 m.e., 3 atoms, and so 
on. Notice also, in this connection, that the molecule 
of oxygen gas itself weighs 33 m.e., and is, therefore, 
twice as heavy as the atom. In other words, the mole- 
cule of oxygen gas consists of two atoms, and this is one 
of the cases referred to in the last lecture, in which the 
molecule of an elementary substance is not the same as 
the atom. 

Take, now, another elementary substance — chlorine. 
Here we have a list of some of the volatile compounds 
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of this element. As before, tbe molecrJar weights an- 
nexed were determined by doubling the known specific 
gravities of the vapors of the several substances, and tbe 
weight of chlorine in each molecule was calculated from 
the results of oft-repeated analyses. Notice tliat the 
smallest weight of clilorine in a molecule is SS.Smicro- 
eriths, and that the other molecules have either the same 
weight or a simple multiple of it. This number, 35.5, 
appears here with the same constancy as the number 10 
in the previous table. As before, this constancy cannot 
be an accident. These 35.5 mia-ocriths of chlorine 
must be definite masses of the elementaiy substance, 
which retain then" integrity under all conditions, and 
are not subdivided in any known chemical changes, and 
these wonderfully minute but definite masses are what 
we call the chlorine atoms. The atoms of chlorine, there- 
fore, weigh 35.5 microcriths. Hence, the molecule of 
hydrochloric acid contains one eldorine atom, the mole- 
cule of phosgene gas two such atoms, the molecule of 
boric chloride three, that of silicic chloride four, and 
that of fthiminie chloride six. Lastly, as in the case of 
oxygen, tbe molecule of chlorine gas is twice as heavy 
as the atom, or, as we say, consists of two atoms. 

Consider, now, the facta in regard to volatile com- 
pounds of carbon as they are shown in the next dia- 
gram. Here we have a similar eonetaucy in the repe- 
tition of the number 13. Twelve microcriths is the 
smallest quantity of carbon contained in the molecule 
of any compound of this element whose molecular 
weight has been determined ; and all molecules of car- 
bon compounds, whose weight is known, contain either 
12 microcriths of the elementary substance, or else 
some whole multiple of 12 microcriths. Again the 
question forces itself upon us, "What means this won- 
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Atomic Weight of Carbon, 
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...0„.„. 


WeigLtofMolo. 
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WelelitofCMbon 




16bi,o. 

28 " 
CO " 
74 " 
88 " 
209 " 
98 " 
152 " 
120 " 
ISO " 
US " 
109 " 


13 m.c. 
24 " 
89 " 
48 " 
60 " 
72 " 
84 " 
S6 " 
108 ■ » 
190 " 
133 " 
144 " 
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Atwnic Weight of Hydrogen. 
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74 


" 10 " 


2 


" 2 " 



Hydrochloric acid 
Hydrobromio aoid 
Hydriodio acid . . , 
liydiocjaaio acid 

"Water 

Hydrie sulphide.. 
Hydric selenide. . . 

rormio a«id 

Ammonia gas... .. 
Hydrio phosphide. 
Hydrio ai'aenide . . 

Acetic acid 

defiant gas 

Mareh-gas 

Alcohol. 

Ether 

Hydrogen g;^ 
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depful constancy ? Does any one suepect that it may 
be a fiction of our scientific theorizing— a mere play 
with nnmbers ? Let him only acquaint himself with 
the factSj and he will find how groundless his suspicion 
is. The evidence of these facts is far stronger than 
would appear from our table. The number of volatile 
carbon compounds is very large, and our list might 
have been greatly extended. It must also be constant- 
ly remembered, as I have said, that these tables em- 
body the result of a vast amount of experimental labor 
— labor, I may addj without price, and whose only ob- 
ject was the truth. Now, all this labor done, these 
wonderful results appear. We must explain them ; 
and the only explanation we can give is, that the mole- 
cules of these cai'bon compounds are formed of small 
masses of the elementary substance which weigh twelve 
mierocriths, aud these small masses ai'e the carbon 
atoms. 

Before leaving the subject, let me call your atten- 
tion to one other table, in which similar facta in regard 
to tlie volatile compounds of hydrogen have been col- 
lated. Like the last, this table might have been great- 
ly extended; but a sufficient number of facts have been 
collected to show that the smallest quantity of hydro- 
gen, in any molecule, weighs one microcrith, and that 
the quantities of this elementary substance in the mole- 
cules of its various compounds are in all eases whole 
midtiples of this small mass, which we call the hydrogen 
atom. The hydrogen atom, then, weighs one mici'o- 
crith, and the several molecules contain as many hydro- 
gen atoms as they contain microeriths of hydrogen. 
Hence, the molecule of hydrogen gas, which weighs 
two microeriths, consists of two atoms. The hydrogen 
atom is the smallest mass of matter known to science, 
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and I Iiope yon can now appreciate the reason why it 
lias been ebosen as tbe unit of moleciilar and atomic 
weiglits. I also hope that I have been able to con- 
vince you that it is a definite masa of matter, and that 
we have as much right to name it a microciith as to 
call a certain mass of metal a gi'ain, or another mass a 
ponnd. 

In a similai' way the weights of the atoms of several 
of the other elementary substances have been deter- 
mined ; but the method is not imiversally applicable, 
for there are many of the elementary substances which 
do not yield a sufficient number of volatile bodies to 
enable us to fis the molecular weight of as many of 
their compounds as would be required to mahe our 
conclusion trustworthy. In such cases, however, we 
have other methods of finding the molecular weight, 
whichj although not so fundamental or so simple as 
that based on the specific gi-avity of the vapor, give for 
the most part satisfactory results. These methods^ 
however, would not be intelligible at tho present stage 
of our study.' 

I trust we are all now prepared to understand the 
significance of the numbers, which, in the table of 
chemical elements (on page 112), are associated with the 
names of the elementary substances. 

' The molecular weights given in tho tables on pages IBS and 138 .ire 
not in moat oaaea the exact values, whioU would be obtained bj doubling 
the specific grayitiea actually found by espetiraeat, but they are those 
values corrected bj the mollioda alluded to above. The subject ia com- 
ples, inTolving the relative value and degree of accnraoj of two kinds of 
experimental evldeaee, and ita premature diBcussion at this Umo would, 
only serve to confuse the reader. It is sufficient (or tho present to any, 
that the correction here referred to does not in the leaat degree invali- 
dale the conclusions we have dcaicn from the tables, and this will be seea 
to be the case when tho subject is fullj undei'Stocd. 



1, Google 



CONFIRMAl'ION OF RESULTS. I3i 

These nvmheps represent the weights of tlie several 
atoma in tmerocriths. 

As I have said, the idea that the atoms are isolated 
masses of matter may be a delusion, and eo, as I have 
also intimated, we may- doubt whether the magnitudes 
in optics, known as wave-lengths, are the lengths of 
aetnal ether-waves ; but, just as these magnitudes are 
definite values, on which we can base calculations 
with perfect coniidence, although the form of the mag- 
nitude may not be tnown, so the atomic weights are 
invariable quantities, whose relative values are as well 
established as any data of science ; and, however our 
theories in regard to them may change, they must al- 
ways remain the fundamental constants of chemistiy. 
On these data are based all those calculations by which 
we predict the quantitative relations of chemical phe- 
nomena, and, starting from the new stand-point which 
they furnish, we shall now proceed to develop still 
further the philosophy of our science. 

But, before we go forward, let me call your atten- 
tion to a vei-y striliing coincidence, which greatly tends 
to confiiTn the general cori'ectneas of the results we 
have reached ; 

Tou are well aware that the amount of heat re- 
quu-ed to raise the temperature of the same weight of 
material to the same degree differs very greatly for dif- 
ferent substances. In order to secure a standard of 
reference, it has been agi'eed to adopt, as the •unit of 
heat, the amount of beat-energy requhed to raise the 
temperature of one pound of water one Fahrenheit de- 
gree, or, in the !Frencli system, one Icilogramme of 
water one centigrade degree. As water has a greater 
capacity for beat than any substance known (except 
hydrogen gas), it I'equhes only a fraction of a unit of 
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ectfic Meat of Ml&m&itary Suh&tances, 



BprjdSo 
Bent 



Lithium , 

Sodinm 

Magneaimn 

Alumimim 

Phosphorus 

Sulphur (native) 

Potassinm 

Manganese 

Mckel 

Oohalt 

Copper 

Apsenio 

Selenium (metallic) , 

Bromino (solid) 

Moljhdennm (impure) . , , 

Rhodium , 

Palladium 

Silver - 

Cadmium (imptire) 

Tin 

Antimony 

Iodine 

Tellnrinm , 

Tvingateii, 
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Platinum 

Iridium 

Oamimn 

Heronry (solid) 

Thallium 

Lead 

Bismuth 

Boron (crystallized) .... 

Carbon (diamond) , 

Carbon fgraphite) 

Carbon (TOOod charcoal), 
Silicon (crystallized.) 
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0.0955 
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0.0580 
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0,0570 
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0.0567 
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0.0641 


127. 




138. 
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0.0324 
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0.0824 
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0.0826 
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0.0311 
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O.0314 
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0.0808 
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12. 
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28. 
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heat to raise the temperature of one pound of any oth- 
er substance one degree. This fraction la called the 
specific heai of the substance, and its value has been 
determined experimentally, with great care, for a very 
large number of substance, including most of the 
elementary substances. In the second column in the 
table on the opposite page we have given the specific 
heat of more than one-lialf of the elementary eub- 
Btancee. We owe these results to Kegnault, and his in- 
vestigations on this subject are among the most impor- 
tant of the many valuable contributions to science of 
this eminent French physjeiat. As the specific heat of 
a substance in difierent states of aggi'egation often va- 
ries very greatly, only the results obtained with the 
elementary substances in the solid state are here given, 
and the numbers in each case stand for the fraction of 
a unit of heat required to raise the temperature of one 
pound of the solid one degree. The figures in the 
second eolimin of our table are the atomic weights of 
the elements, and those in the thhd column the prod- 
ucts obtained by multiplying these weights by the spe- 
cific heat. Notice how constant this product is. It 
varies only between 5.7 and 6.9, and there are strong 
reasons for believing that the variations depend on dif- 
ferences in the physical condition of the elementary 
substances. We know that tlua condition very gi'eatly 
influences the thermal relations of solid bodies, and, if 
the substances could be compared in precisely the same 
state, it is possible that the above product would be 
found to be absolutely constant, the most probable 
value being 6.34. Only three solid elementary suh- 
stanees are known the product of whose atomic weight 
by the specific heat does not fall within the limits as- 
signed above, and these are the diifei'snt forms of car- 



loy Google 



134 ATOMIC WEICnTS. 

ton, boron, andsilieon, all elements remartable for tlie 
wide differences between the physical conditions in 
which they are tnown. 

What, now, can be the explanation of the remark- 
jible law which the table presents to our notice? The 
usual explanation is, that the atoms of the different ele- 
ments have the same capacity for heat, and hence, that 
masses of the elementary substances containing the 
same number of atoms must have the same capacity for 
heat when xuader similar physical conditions; the con- 
stant product being the amount of heat reqnii-ed to 
raise the temperature of such masses to the same de- 
gree. If, for example, it requires the same amount of 
heat to increase by one degree the tempoi-ature of either 
56 m.c. of iron (one atom) or 200 m.c, of mercuiy {also 
one atom), it wOl also require equal amounts to raise 
the temperature of 56 pounds of iron and 200 pounds 
of mercury one degree ; and lienee 56 x 0.1138 (the 
specific heat of iron) must be equal to 200 x 0.0319 (the 
speeifle heat of mercury). — ^Yoii will remember, of 
eouree, that the decimal in each case represents the 
fraction of a unit of heat required to raise the tempera- 
ture of one^ound one degree. 

But, all theorizing ap£ii-t, an agreement like this can- 
not be the result of accident ; and, even if we cannot 
explain the law, the very coincidence gives us great 
confidence in the values of the atomic weights we have 
adopted. 

Let us now, for a moment, recapitulate. All sub. 
stances are collections of molecules, and in these mole- 
cules their qualities inhere. What is trae of the sub- 
stance is true of the molecule. Tlie molecule is an ag- 
gregate of atoms ; sometimes of atoms of the same kind, 
as in elementary substances, sometimes of atoms of 
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different kinds, as in compound substances. The mole- 
cules ai'e destructible, wlxile the atoms are indestructi- 
ble ; and chemical change consists in the production of 
new molecules by the reaiTangement of the atoms of 
former ones. Such, then, are our conceptions of the 
constitution of substances, and I next proceed to show 
how we are able to represent this constitution by 
means of a most beautifid system of notation, with 
which you must be all more or less familiar, under tlio 
name of chemical symbols. 

Jnst as in algebra letters are used to represent 
q'aaiitities, so in chemisti-y we use the initial letters of 
the Latin name of the elementary substance to repre- 
sent that mass of each element wo call flu atom. Thus, 
O repi'esents one atom of oxygen, N one atom of nitro- 
gen, one atom of carbon, 01 one atom of chlorine, 
Or one atom of chromium, F one atom of Fluorine, Fe 
one atom of ferrum (iron), S one atom of sulphur, Sb 
one atom of stibimn (antimony). By using tlie first let- 
ters of the Latin names, a nniformity lias been secured 
among all nations, the convenience of which is obvious, 
and it is only in a few cases that the Latin initial dif- 
fers from the English. These symbols necessarily rep- 
resent a definite weiglit, that is, the weight of the atom. 
O stands for 16 microeriths of oxygen, for 12 micro- 
criths of carbon ; and, in each case, the symbol stands 
for the atomic weight given in our table (page 112). 
In order to represent several atoms, we use figures 
placed, like algebraic exponents, above or below the 
symbol. These exponents do not, as in algebra, in- 
dicate powers, but only miiltiples ; thus, O^ means two 
atoms, or 32 m.c. of oxygen, Ce six atoms, or 72 m.e. 
of carbon, and so on. 

Having adopted this simple notiition for tlie atom, 
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WO easily represent a molecule by writing togctlier tlio 
Bymbols of the atoms of which it consista, indicating 
the number of each kind of atoms by figures, as above, 
A molecule of water, for example, consists of three 
atoma, two of hydrogen and one of oxygen. I-Ienee, 
its symbol is H^O. Tliis symbol shows, not only that 
the molecule consists of three atoms, as just stated, but 
also that it contains 2 m.e. of hydrogen and 18 m.c. of 
oxygen. Further, it shows that the molecule of water 
weighs 18 m.c. If we wish to represent several mole- 
cules of water, we place a figure before the whole sym- 
bol. Thus, SHgO represents two molecules of water, 
5H2O five molecules of water, etc. Now, since, in all 
chemical relations, what is true of the molecule is tnio 
of the substance, this symbol may be regarded as the 
symbol of water, and is constantly spoken of as such. 
Again, a molecule of alcohol is known to consist of two 
atoms of carbon, six atoms of hydrogen, and one of 
oxygen. Heneo, the symbol of the molecule is QjI^O. 
This symbol informs the chemist that a molecule of al- 
cohol contains 2 atoms or 24 m.c. of carbon, 6 atoms 
or C m.c. of hydrogen, and 1 atom or IG m.c. of oxy- 
gen. It also shows that the total weight of the mole- 
cule is 46 m.c. Several molecules of alcohol are in- 
dicated by the use of coefficients, as before — thus 
SCjHiiO, etc. This is the whole of the system, and you 
see how beautiful and eimple it is. The single letters 
stand for atoms, and the terms formed by the grouping 
of the letters stand for molecules, and the very possi- 
bility of the system is in itself a very strong proof that 
molecules and atoms really exist. 

Before proceeding to show how admirably this 
system is suited to express chemical cliangiK, let mo 
ask yoiu- attention for a moment to the nature of the 
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evidence by which the symbol of a substance is fixed ; 
for, although tiiis evidence is precisely of the same bind 
as that on which the atomic weights of the elementary 
enhstances rest, yet the principles involved ai'e bo im- 
portant that a brief restatement of the evidence, as it 
bears on the present problem, seems almost necessary 
for a clear understanding of the subject. The question 
is this I What is your proof that the symbol of alcohol, 
for example, is C2H0O, or, in other words, that this 
symbol represents the constitution of a molecnle of al- 
cohol ? The evidence is — 

1. Wo know by experiment (page 79) that the spe- 
cific gravity of alcohol-vapor referi'ed to hydrogen is 
23. Hence, since, by Avogadi'o's law alcohol-vapor 
and hydrogen g^ have in tJie same volume the same 
number of molecules, the molecule of alcohol is twenty- 
three times as heavy as the molecnle of hydi'ogen gas ; 
and, farther, since by assumption the hydrogen-mole- 
cule weighs 2 m.c., the alcohol-molecule weighs 46 m.c. 

2. We have analyzed alcohol, and know that it has 
the follov/ing composition : 

Analysis of Alcohol. 

Tor cent. CoraPos'H"" "f 

Carbon 53.18 24 m.c. 

Hydrogen 13,04 8 " 

Oxygen 34. T8 16 " 

100.00 45 " 

Hence, of the molecule of alcohol SS^^^ per cent., 
or 24 parts in 46, consist of carbon, IS^fg- per cent., 
or 6 parts in 46, consist of hydrogen, and 34^\^, or 16 
parts in 46, consist of oxygen. The whole adds np, as 
you see, 40, showing that we have done our sum cor- 
rectly. 
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Analysis, then, proves that, of the molecule of alco- 
hol weighing 46 ni.c., 24 m.c. are carbo:i, 6 ni.e. are 
hydrogen, and 16 in.c. are oxygen. But the weight of 
an atom of earhon is 12 m.c, hence the molecnle con- 
tains two atoms of carbon, or Ca ; the weight of an atom 
of hydrogen is 1 m.c., hence the molecule contains fl 
atoms of hydrogen, or He ; the weight of the oxygen 
atom is 16 m.c, hence the molecule contains one atom 
of oxygen, or O, and the symbol is OjHjO. 

Again, why is the symbol of water H^O? 1. The 
specific gravity of steam referred to hydrogen gas is 9, 
hence the weight of a molecule of water in mierocritha 
is 18. 2. Analysis shows that water has the following 
composition in 100 parts : 

Analysis of Water. 

Pei-(!mt. CompoaUJoii of 

Iljdrosen 11.11 2 m.c. 

OsjgoQ 83.80 IG " 



We know, then, that, of the moleenlc weighing 18 
m.c, of water, ll-jVir V^^ cent., or 2 m.c, consist of 
hydrogen, and 88-^ per cent., or 16 m.c, consist of 
oxygen. But 2 m.c of hydrogen equal 2 atoms, or 
Hj, and 16 ni.C. of oxygon 1 atom, or O. Hence, the 
symbol is HjO. 

You see how simple is the reasoning and how defi- 
nite the resalt ; and, unless onr whole theory in regai-d 
to molecules and atoms is in error, there is no more 
doubt that the symbol of water should be wi-itten IIsO, 
than that this familiar liquid consists of oxygen and 
hydrogen gas. 

But many of my audience will remember that, 
when they studied chemistiy, the symbol of water was 
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HOj and will ask, "WTiy tliis changed I answer; This 
difference is of a type ■with tlie whole difference be- 
tween the old and the new schools of chemistry. In- 
deed, the two symbols may be regarded as the shibbo- 
leths of the two systems. In the old system, the sym- 
bols simply stood for proportions, and nothing else. 
The symbol H meant 1 part by weight of hydrogen, 
and O 8 parts by weight of oxygen ; and HO meant 
a compound, in which the two elements were com- 
bined in the proportions of 1 to 8, which is as true of 
water now as it was then. In the old system, the spe- 
cial form of the symbol, whether IIjO, IIO, or HO^, 
had no signifleauee, for this was determined by the ar- 
bitrary values given to the letters. There is a second 
compound of hydrogen and oxygen called hydric perox- 
ide, in which the elements are combined in the propor- 
tion of 1 of hydrogen to 16 of oxygen ; and, had the 
chemists of the old school assigned to the symbol O the 
value 16 instead of 8, then the symbol of hydric per- 
oxide would have been written IIO, and that of water 
H^O ; and the only reason usually given for mailing O 
represent 8 parts of oxygen instead of 16 was, that 
water, being very widely diffused in Nature, and the 
most stable compound of the two, ought to be repre- 
sented by the simplest symbol ; or, m other words, that 
the ratio between the quantities of oxygon and hydro- 
gen, which it contains, ought to be taken as the type 
ratio between these elements. 

This reasoning was as unsatisfactory as it has 
proved to be unsound. It might justly have been said 
that the system, although artificial, was consistent in 
itself, and that it better suited the requirements of the 
system to assign to oxygen the proportional number 8, 
than to select a multiple of that number. Indeed, this 



loy Google 



140 CHEMICAL SYMBOLS. 

was tlie light in which the whole scale of proportional 
numbers was regarded by a large majority of the stu- 
dents of chemistry during the first half of this cen- 
tury ; and it is only necessary to state that the German 
chemists, following the lead of Berzelius, used for years 
a scale in which oxygen was taken as 100, in order to 
show how purely arbitrary the actual numbers were 
considered to be. The only truth that the numbers 
were believed to represent was the law of definite and 
multiple proportion ; and, so long as the true propor- 
tions were preserved, any scalo of numbers might be 
used which suited the experimenter's fancy. 

It is, however, perfectly true that, in selecting one 
of several multiples, which might be used for a given 
element in a given scale, the decision of the chemist 
was not unfrequently iniluenced by the very ideas 
which now form the basis of our modern science ; as is 
shown by the fact that the proportional numbers of 
Davy and Berzelius were called chemical equivalents 
by Wollaston, and atomic weights by Dalton and hia 
pupils. But, then, the truths, wliich these terms now 
imply, were never fully conceived or consistently car- 
ried out. The atomic weights of the new system are 
the weights of real quantities of matter, the combining 
numbers of the old system were eertaiu empirical pro- 
portions. So is it in other particulars, and the differ- 
ence between the new school and the old is really the 
difference between clear and misty conceptions. 

Our modern science is a philosophical system, based 
on ideas distinctly stated and consistently developed. 
The chemists of the old school can hardly be said to 
have had a philosophy, but they had an admirable no- 
menclatui'e, which was almost as good as a philosophy, 
and served to classify the facts while the fundamental 
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principles of the science were being slowly developed. 
It was, of course, to be expected that the fundamental 
ideas of our science should be conceived separately and 
at &'8t only imperfectly ; and it was not until clear and 
definite conceptions had been reached, and the rela- 
tions of the several ideas clearly understood, that a 
philosophy of chemistry was possible. Of course, we 
are far from believing that the ideas, now prevailing, 
are necessarily true, and it is perhaps to bo expected 
that our modem school will share the same fate as that 
which preceded it ; but we do believe that the coming 
system, whatever it may be, will be based on equally 
clear conceptions, and that, in attempting to clarify our 
ideas and realize our conceptions, we are following tlio 
right path, and making the only satisfactory progress. 

Before closing the lecture, it only remains for me to 
show how the system of notation I have described may 
be used to express chemical changes, and I can best 
illustrate this use by applying it in a practical esam- 
ple. The experiment I have selected for the pui-pose 
must be familiar to every one in some form or other. 

In the first place, we have in this large glass vessel 
a white, pulverulent solid, familiarly called soda. The 
chemists call it sodie carbonate. It consists of mole- 
cules, which are each formed of six atoms, two of a 
metal called sodium, one of carbon, and three of oxy- 
gon. Hence, the symbol is NaaCOs. In the second 
place, we have in this 'pitcher a liquid well known in 
commerce under the name of muriatic acid. It is a 
solation in water of a compoimd which is called in 
chemistry hydrochloric acid. Hydrochloric acid itself, 
as I shall show you at the next lecture, is a gas 
18J times as heavy as hydrogen; hence its molecular 
weight is 36^ — and its molecules, as is well known, con- 
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sist of one atom of chlorine and one of hydrogen, 
It3 symtiol is tlien HCI — and the condition of aqueous 
Bohition we may express by the addition of the letters 
Aq, the initial of aqua, the Latin name of water- — thus ; 
lIOi+Aq. 

On pouring the acid upon the soda, there is at once 
ft violent effervescence ; and a large quantity of gas is 
evolved, which will soon fill the glasa jar. The old 
substances disappear, and new substances aro formed. 
This, then, is a chemical change. Such a change, in 
the language of chemistry, is called a reaction. The 
substances taking part in the change are called the fac- 
tors, and the substances formed are called the products 
of the reaction. 

In the present example, the factoi's are sodic car- 
bonate, hydrochloric acid, and water. What are the 
products ? 

First of all, "we have a large volume of colorless 
gas, and not only a largo volume, but also a very con- 
siderable weight, since, for a gas, it is quite a heavy 
substance. In old times this product of the process was 
wholly overlooked ; but I can easily prove to you that 
there is a no inconsiderable amount of material in the 
upper part of this glass ve^el, although in an invisible 
condition. First, by lowering a lighted candle into the 
jar, I can show that the air has been displaced by a 
medium in which the candle will not bnrn. In the 
second place, by dipping out some of the gas and pour- 
ing it into this paper bucket, I can malie evident that 
its weight is appreciable : Yon notice that the end of 
the balance-beam to which the bucket is suspended 
immediately falls ; and see, also, how these candles are 
extinguished, as the heavy gas from my dipper flows 
down on the flames. Lastly, by repeating the expori- 
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meiit on a smaller scale in front of tlie lantern, and 
projecting the image of tiie small glass vessel, we here 
use, on the screen, I can make the cuiTent of gas visible 
as it flows over the lip. 

This aeriform material is now called in chemistry 
carhonic dioxide, but yon are more familiar with it un- 
der the old name of carbonic acid. It is the chief prod- 
net of the burning of coal and wood ; and, when you 
are told that every ton of coal burned yields 3^ tons of 
this gas, yon can conceive what immense fioode are be- 
ing constantly poured into the atmosphere from the 
throats of our chimneys. It is also being continually 
formed, and in still greater amounts, by the processes 
of respiration, fermentation, and decay. Although fa- 
miliarly known only in the state of gas, it can readily 
be reduced by pressure and cold to the Hquid condition ; 
and, when in this condition, is easily frozen, forming a 
transpai'ent solid like ice, or a loose, fioceulent material 
hke snow, under different conditions. It is a com- 
pound simply of carbon and oxygen, and no fact of 
chemistry is better established than that evei-y mole- 
cule of this gas consists of one atom of carbon and two 
atoms of oxygen. Hence its symbol is CO3, 

The presence of the other products formed in our 
experiment I cannot make so readily evident to you, 
although they are really far more tangible than this 
gas. One of them is water, which at once mingles 
■with the large body of water used in the ex]DCrmicnt. 
The other is common salt. This dissolves, as it fonns,. 
in the water present ; but, after the reaction is ended, 
it can easily he isolated by evaporating the hrine. "We 
will start tlie process, so that any one who is skeptical 
can satisfy himself, hy tasting the residue, that common 
salt hai3 been rcaUy formed. 
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Common salt is composed of a metal, Bodium, and 
clilorine gas. Its inolecitles are known to consist, each 
of an atom of sodium and an atom of ehloi'ine. Hence 
its symbol is NaCL 

let 119 now ■wi'ite tlie factors of this reaction oppo- 
eite to tlie products, so that we can eompai'e them : 

NasCOs HCI FaCl HaO 00,. 

Boaio Ilvdcoehloilo Sodic Chloride, or Wafer. Coi-lionic 

Corbounle. Acid. ConuaunSnlt Dioxida. 

Now, let me remind you of a simple principle, 
wliicli we must apply in interpreting this reaction. 
1^0 material can be lost. These atoms are indestructi- 
ble, so far as we linow. If, then, we have here all the 
factors and all the products {and there can be no doubt 
whaterer on this point), there must be just as many 
atoms of each element in the products as thei'e are in 
the factors, and mce versa. Now, there are two atoms 
of sodium in the molecule of sodie carbonate, Henee 
there must be two atoms of the same element in the 
products, and we must therefore wi'ite SNaCl. The 
molecule of water in the products has two atoms of 
hydrogen ; hence we must write 2HC1 among the fac- 
tors. , Thus amended, our reaction becomes : 
NaaCOa + 2n01 = 2lfa01 + 11,0 + CO,. 

Now, since the quantity of material represented 
among the products exactly equals that represented 
among the factors, we may Tery properly employ the 
equation-sign of algebra to separate the two membei-s 
of our reaction ; and, fm'ther, it becomes equally nat- 
ural to separate the several terms by the plus-sign. 
When, now, we study the chemical change, as thus 
written out for our inspection, we see that, in the pro- 
cess, each molecule of sodic carbonate is acted upon by 
two molecules of hydrochloric acid. The two atoms 
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of sodium (N%) from the molecule of sodic carbonate 
(NajCOa) tmite each with tin atom of chlorine (CI) 
from the two molecules of hydrochloric acid (2HCi), 
and there are thus formed two molecizlea of common 
gait (2NaCl). Meanwhile, the original molecules hav- 
ing been broken up, the other atoms group themselves 
together to fonn a molecule of water (HjO) and a mole- 
cule of carbonic dioxide (COj). In a word, the chemi- 
cal change consists in the breaking up of the old mole- 
cules and the reairangement of the atoms to form 
others, and you will notice how perfectly our system of 
symbols enables us to follow the steps of the process. 

In saying that this equation represents the pro- 
cess, we assume the truth of the pi-ineiple, already so 
often reiterated, that what is true of the molecules is 
true of the substances. Our equation merely repre- 
sents the reaction between one molecule of sodic car- 
bonate and two of hydrochloric acid. Of course, there 
were billions on billions of molecules in our glass jar, 
but then the action here represented was simply so 
many billion of times repeated. 

There is only one other point in connection with 
this experiment to which I wish to call your special at- 
tention before closing the lecture. We used a great 
deal of wator in the process, and the experiment would 
not have succeeded without it. Now, what part does 
tlie water play? An essential part — and this point has 
a most important bearing on our theoi'y of molecules. 

The reaction we have been studying takes place, as 
we have said, between molecules. But, in order that 
the molecules of th_e one body should act on those of the 
other, it is obviously necessary that they should have a 
certain freedom of motion. If the molecules had been 
rigidly iixed in the materia! of the two substances, it 
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would obviously have been impossible for tlicm to mar- 
shal tbemsolyes in the manner we have described, two 
of one substance associating with one of the other in 
the resulting chemical process. Now, in a solid body, 
the molecules are to a gi'eat extent fixed, and hence no 
chemical action is possible between sixch substances, 
except to a limited extent. There are, in general, two 
ways by which the required freedom of motion can he 
obtained: One is to convert the snbstance into vapor, 
when, aa we have seen, the molecules become com- 
pletely isolated, and move with great velocity throiigh 
space, their motion being only limited by the walls of 
the eontamiDg vessel ; but this method is only appli- 
cable to volatile bodies. The second method is to dis- 
solve the solid in some solvent, -when the molecules, as 
before, become isolated, and move freely through the 
mass of the hquid. The last is the method generally 
used, and water, being such a universal solvent, is the 
common vehicle employed to bring substances together, 
and for that reason it enters into a very great number 
of chemical changes. Such was its office in the process 
we have been studying. We dissolved both the sodie 
carbonate and the hydrochloiie acid in water, in order 
that their molecules might readily coalesce. An experi- 
ment will enforce the principle I have been cnimeiating: 
There are a gi'cat many substances which will act 
on sodic carbonate llhe hydroehlonc acid ; for example, 
almost all the so-called acids or acid salts, and, among 
others, that white solid with which yon are familiar un- 
der the name of cream-of-tartar. Here we have ci'eam- 
of-tartar and sodic carbonate, both in fine powder, and 
we have been carefully mixing them together in this 
mortar. Ton see, there is no action whatever; and, in 
a diy place, we can keep the mixture indefinitely with- 
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oiit cliaiige. If, however (placing tbe mixture in this 
ghss vessel), we pour water over it, we have at oneo a 
hrisk effervescence, and eai-honic dioxide is evolved as 
before. It required the water to bring the molecules 
together. 

Smee, then, the water plays such an important part 
in the reaction, I prefer to indicate its presence, and 
this may be done by nsiug the symbol Aq. as previously 
described. 

(NfhOOs + snOl + Aq.) = (3¥aCl + 11,0 + Aq.) + 007.' 

0^ IIjdrDCliloriD AfM. 

This indicates not only that both of the factors are 
in sohition, but also that we have, as one of the prod- 
nets, a solution of common salt. That the second prod- 
uct, carbonic dioxide, is a gas, I sometinics indicate by 
a hue di-awn over the symbol, as above. 

The second reaction is equally simple, biit eream- 
of-tartar has a vastly more complex molecido than HCl. 
Its symbol is HECjH^Oe, tliat is, each molecule con- 
sists of four atoms of carbon, six atoms of oxygen, one 
atom of potassium, and five atoms of hydrogen. I 
write one of tlie atoms of hydrogen apart from the 
rest, because it has a very different relation to the 
molecule — a relation which I shall hereafter explain. 
The reaction would be written thus : 

(WaiOOs + SOECHiOo + Aq.) = 

(3NaK0,H,0, 4- 11,0 + Aq.) -1- CO,. 

Buliilion of I^ocLcUc SMts. 

With this reaction many of my audience must be 
familiar, as a mode of raising dough in the process of 
making bread. The first member of the equation in- 
dicates that the two substances are used in solution. 
There is formed, as the product of the reaction, be- 
sides the carbonic dioxide gas, -which puffs up the 
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dougli, the solution of a salt, whose molecule has tlie 
complex constitution I have indicated, and which is a 
well-known medicine under the name of Eochelle-salts. 
When Boda and cream-of-tartar are used in making 
bread, this salt remains in the loaf. The amonnt 
formed is too small to be injurious, hut I cannot but 
tiiink, although it may be a prejudice, that chemicals 
had bettisr be kept out of the Idtchen, 



loy Google 



150 CIIEMICAL REACTIONS. 

nite weights of the quantities they represent. Each 
symbol stands for the known weights of the atoms 
■which are tabulated m this diagi-am (table, page 112), 
and the weights of the molecules, wliich the several 
terms represent, are found by simply adding up the 
weights of the several atoms of which they cousist. 
When the substance is capable of esistmg in the aeri- 
form condition, its molecular weight can be foimd, as I 
have shown, from its specific gi-avity ; but these sym- 
bols assume that either by this or by some other method 
the constitution of the molecule has been determined ; 
and, now that tlie result is expressed in symbols, noth- 
ing is easier than to mterpret wliat they have to tell 
us. To bi^n with the sodic carbonate, Na^COg. The 
weight of this moleaile is 3x23 + 12-^3x16 = 46 + 
12+4S = 106 m.c. The weight of the molecule HOI 
is 1+35.5 = 30.5, and two such molecules would weigh 
73 m.c. Next, for the products, we have NaCl = 23-i- 
35.5 = 58.5, and 2^01 = 117.0, also 002 = 12+33 
= ii, aud HaO = 2 + 16 = 18. Hence the terms of om- 
equation stand for the weights written over them below : 

100 J3 JIT 18 44 

(NivjOOs + 2H01 + Aq.) = (2Sa01-l-H,O + Aq.) + OOj. 

We leave out of the account the water represented 
by Aq., for this, being merely the medium of the reac- 
tion, is not changed. Novi we can prove oiu- work ; 
because, if we have added correctly, tlie sum of the 
weights of the fectors must exactly equal the sum of 
the weights of the products — and so it is 106 + 73^ 
179, and 117+18+44 = 179. Besides the information 
which the equation gives us in regard to the manner 
in which the chemical change takes place, the symbols 
also inform us tliat 106 parts by weight of sodic car- 
bonate arc acted upon by 73 parts by weiglit of hydro- 
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To master tbe symbolical language of chemistry, so 
as to understand fully wiiat it expresses, is a great step 
toward mastering the science ; ■ and so important is this 
part of my suhjeet that I propose to occupy the hour 
this evening with a nnmber of illnstrations of the use 
of symbols for expressing chemical changes. 

Fu'st, I will recnr to the experiment of the last 
lecture, for we have not yet learned all that it is cal- 
culated to teach. 

Let us again write on the blaek-hoard the symbols 
which represent the chemical process : 

(KaiOOs + 2HC1 + Aq.) = (SlTaCl + 11,0 -h Aq.) + 007. 

SodJo nyflrooliloiic Common Water, Oarbniiio 

Cacbaunte. Add. Bait. DiosidoGaa. 

We bring together a solcition of sodic carbonate 
and hydrochloric acid ; and there are formed as prod- 
ucts a solution of common salt, water, and cai'bonie 
dioxide gas. I need not refer again to the eircum- 
stanee that the state of solution U an essential condi- 
tion of the change, for this pouit was fully discussed 
at the. time ; hut, before we pass on to another experi- 
ment, X wish to call your attention to the fact that the 
Heveral tonns in this equation stand for absolutely dcfi- 
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eliloric aeidj and tliat tlie yield is 117 parts of c 

etilt, 18 parts of water, and H parts of carbonie-dioxide 

.gas. 

We learn fi'oni this, in t]ie first place, the exact 
proportion in which the sodie carbonate iind hydro- 
chloric acid can be most economically nsed ; for, if the 
least excess of one or the other substance over the pro- 
portions indicated is taken, that excess will be wasted- 
It will not enter into the chemical change, bat will be 
left behind with the salt and water. 

Assume, then, that we have 500 grammes of sodie 
carbonate, and we wish to know what amount of hy- 
drochloric acid to use, we sim]ily make the propoi-tion 
as 106 : T3 = 500 : ic = 3i4^V. Again, suppose we 
wish to know'how much common salt would bo pro- 
duced from these amounts of sodie carbonate and aeid, 
we write a similar proportion — 

100 : 117 = 600:3 = 553, nearly. 

Go, then, in any process, after we have written the 
reaction as above, if the weight of any factor or prod- 
uct is ^ven, we can calculate the weight of any other 
factor or product by this simple nile : 

As iho totdl moleGular weight of the suhstance given 
istotJie total inoleoulao' weight of the substance req%m'ed, 
so is the gvoen weight to the required weight. By total 
molecuhir weight we mean, evidently, not the weight 
of a siugle molecule, but the weight of tlie number of 
molecules whieli the eqnatiofi indicates. 

This may be called the golden rule of chemistry. 

In the laboratory we never mix oui' materials at 
random, but always weigh out the exact proportions 
found by this rule. "When one of the products is a 
gas, as iu the present ease, a simple modification of the 
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rule enables us to calculate the volume of the resulting 
gas. Suppose, for example, we wished to calculate 
what volume of carbonic-dioxide gas could be obtained 
from 600 grammes of sodic carbonate. We should first 
find the weight bj the above rule: 

lOG : 44 = 500 : a; = 30rj, nearly. 
The answer is 207J grammes of carbonic dioxide. 
To find the corresponding volume in litres, we have 
merely to divide this value by the weight of one litre 
of tlie gas. Now, there are tables, in which the weight 
of one litre of each of the common gases is given ; but 
sucb tables, although convenient, are not necessary, 
when, as in a written reaction, we knowthe molecular 
weights of the substances with which we are dealing. 
You remember tliat the molecular weight is always 
twice the specific gravity with reference to hydrogen. 
Half the molecular weiglit is, then, the specific gravity 
with reference to hydrogen. For example, the molecu- 
lar weight of carbonic dioxide (CO^) is 44, and its spe- 
cific gi'avity with reference to hydrogen 22 — in other 
words, a litre of carbonic dioxide weighs 22 times as 
much as a litre of hydrogen. . Now, a litre of bydi'o- 
gen, under the normal pressure of the atmosphere, and 
at the freezing-point of water, weighs one crith, or 
0.0896 gramme, or, near enough for common purposes, 
0.09 gramme. If, then, a litre of eaj-bonic dioxide 
ia 22 times as heavy, its .weight is 32 eriths, or 22 x 
0.09 = 1.98 gramme. Our total product, above, be- 
ing 307i grammes, the number of litres will be 207^ -^ 
1.98, or very nearly 104 litres. A litre, as I have said, 
is very nearly If pint, but we always use these French 
weights and measures in the laboratory, so that the 
values are as significant to the chemist as are pounds 
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and pints to the trader. Tlii3 general rule, then, is 
tliiB : We first find the weight of one litre of the gas in 
grammes, by simply multiplying one-half of its molec- 
ular weight by y^t^, and then we reduce the weight of 
the gas in grammes to litres by dividing the weight by 
this product. 

Let Tis pass, now, to another ease of chemical 
change, and the example which I have selected is 
closely related to the last. One of the products of 
that reaction w^ carbonic-dioxide gae, and here we 
have a jar of that aeriform substance. On the other 
hand, I have in this bottle an elementaiy substance, 
called sodium. It belongs to the class of metals, and is 
one of the constituents of eodic carbonate, which wo 
used in the former experiment. I now propose to 
cause these two substances to act chemically upon each 
other ; but, as before, no ehemieal action will result 
unless the molecules have snfHcient freedom of motion. 
Those of the carbonic-dioxide gas are already as free as 
the wind, moving with immense velocity through this 
jar. But not so with those of the sodium. In the 
usual solid condition of this metal, the motion of its mol- 
ecules is restricted within very narrow limits. Before, 
we gave freedom to the molecules of sodic carbonate and 
hydrochloric acid by dissolving the substances in water. 
That method is not applicable here, for sodium acts 
chemically on water, and with great violence ; hut we 
can reach a similar result by melting the sodium, and 
heating the molten metal until it begins to volatilize. 
Then, on introducing the emcible containing the seeth- 
ing metal into the gas, the molecules of tlie sodium, as 
they are forced up by the heat, will come into contact 
with those of the carbonic dioxide, and a violent cliemi- 
cal action will be the result. 
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This action is made evident to you by tlie brilliant 
liglit evolved, and tlie sodium, as vou would say, is 
burning in the carbonic-dioxide gas. Let us now rep- 
resent this chemical change by om' symbols. 

Beginning with the factors, the molecule of carbonic 
dioxide, as already stated, is represented by tlie symbol 
OO2. The weight of the molecnle of sodium has not 
yet been accurately determined; and, in the absence 
of exact information, we will assume, as is most prob- 
able, that the molecular weight is twice the atomic 
weight, oi', in other woi-ds, tliat the molecules coneiefc 
of two atoms, Na-Ka. Passing, next, to the products, 
we find only two, charcoal, and a substance called 
aodie oxide. As regai-ds the last, we have every rea- 
son to believe that its molecules consist of two atoms 
of sodinm xmited to a single atom of oxygen, Na^O. 
About the charcoal molecules, we have absolutely no 
Irnowledge whatever ; and we will, therefore, as is 
usual in such cases, represent them as consisting of sin- 
gle atoms. Hence, writing the products after the fac- 
tors, wo have — 

00, Na-Na Sfi.O. 

CsrbonHj Dlosldo. Sodium. Carl-oii. SoilicOside. 

Rememberiug, now, that the number of atoms on 
the two sides must be the same, it is evident that the 
amoimt of oxygen in a molecnle of COa will yield 
2!N^a20 ; and, further, that, to foiTn two molecules of 
WagO, two molecules of Na-l^a are necessary. Hence 
our reaction mnst be wiitten : 

COt + 2H"a-l'J"a = 4- 21Ta.O. 

By this we learn that, from one molecule of carbonic 
dioxide {COj) and two molecules of sodium (^Na-Na), 
there are formed two molecules of sodic oxide (SiN'aaO) 
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and one atom of carbon (C). It is probable that tlie 
atoms of carbon group tbemselves into molecules ; but, 
as we know nothing about their constitution, we can- 
not express it by our sjmbola. 

Both of the products of this process are solids, and 
will be found, at the close of the experiment, in the 
Binall iron crucible in which the sodiiun was melted 
and introduced into the jar of carbonic-dioxide gns. 
The Bodie oxide is a white solid, which is veiy soluble 
in water, or, rather, combines with water to foim what 
is called caustic soda, which dissolves in tlielic[uid; and 
caustic soda, as yon well hnow, is a very impoiiant 
chemical agent. But the chief interest in this experi- 
ment centres about the other product. Charcoal is one 
of the forms of carbon ; and the peculiar chemical re- 
lations of this element, wliicK are illustrated by our ex- 
periment, are not only highly interesting in themselves, 
but have an important bearing on the subject of these 
lectures. I shall, therefore, digress for a moment from 
my immediate topic, in order to bring these facts to 
your notice. 

Carbon, as you probably hnow, is one of the most 
remarkable of the chemical elements. In the firet 
place, it is most protean in the outward aspects which 
it assimiea. These brilliant crystals of diamond, the 
hardest of all bodies ; this black grapliite, as extreme 
in softness as is the diamond in hardness ; these still 
more familiar lumps of coal, are all formed of the same 
elementary substance. In tJie second place, the various 
forme of fuel used on the earth also consist ehiefiy of 
this element, which is, therefore, the great source of our 
artificial light and heat, and the reservoir of that en- 
ergy which, by the aid of the steam-engine, man uses 
with such effect. 
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All carbonaceous materials used as fuel, ■whether 
wood, coal, oi], or gas, if not themselves visibly organ- 
ized, were derived from organized stmetnres, chiefly 
plants ; and aU the light, all the heat, all the power, 
which they are capable of yielding, were stored away 
during the process of vegetable growth. The origin 
of all this energy is the sim, and it is brought to the 
earth by the eun'a rays. Coal is the charred remains 
of a formei- vegetation, and the energy of oxir coal-beds 
was aecnmulated during long periods in the early ages 
of the geological histoiy of the earth. 'Wonderful aa 
the truth may appeal-, it is no less certain that the 
energy which drives our locomotives and forces our 
steamships tlu-ough the waves came from the sun, than 
that the water, which turns the wheels of the Lowell 
factories, came from the springs of the ITew-Hampshirc 
hills. How it comes, how there can be so much power 
in the gentle influences of the sunbeam, is one of tlie 
great mysteiies of Nature, We believe that the effect 
is in some way connected with the moleeuliir structure 
of mutter ; but our theories are, aa yet, unable to cope 
with the subject. That the power comes from the sun, 
we know; and, moreover, we are able to put our linger 
on the exact spot where the mysterious action takes 
place, and where the energy is stored ; and that spot, 
singular as it may appear, is the delicate loaf of a plant. 

This same cai-bonic dioxide, on which we are liere 
experimenting, is the food of the plant, and, indeed, 
the chief ariiele of its diet. The plant absorbs the gas 
from the air, into which it is constantly being poured 
from our chimneys and lungs, and the sun's rays, act- 
ing upon the gi-een parts of the leaf, decompose it. 
The oxygen it contains is restored to the atmosphere, 
while the carbon remains in the leaf to form the stract- 
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ure of tbe gi-owing plant. This dmngo may be repre- 
eented thus : 

CO, = + 0=0. 

CDrboaie Dioxide. CarbjD, Oxygcii, 

Now, to tear apart tlie oxygen atoms from the 
carbon reijuires the expenditure of a great amount 
of energy, and that energy remains latent until the 
wood ia biu'ned ; and then, ■when the carbon atoms 
again unite mth oxygenj the energy reappears undi- 
minished in the heat and light, which radiate from the 
glowing embers. Just as, when a clock is wound up, 
the energy which is expended in raising the weight re- 
appears when the weight falls ; so the energy, which is 
expended by the sun in pulling apart tlie oxygen and 
carbon atoms, reappears when those atoms again unite. 
This is one of tlie most wonderful and mystenous ef- 
fects of Natm-c ; for, although the process goes on so 
silently and unobtrusively as to escape notice, it accom- 
plishes an amount of work compared with which most 
of the noisy and familiar demonstrations of power are 
mere child's-play. It is one of the greatest achieve- 
ments of modem science, that it has been able to meas- 
lu-e this energy in the terms of our common mechanical 
unit, the foot-pound ; and we know that the energy 
exerted by the sun and rendered latent in each pound 
of carbon, which is laid away in tlie growing wood, 
would be adequate to raise a weight of five thousand 
tons one foot. 

The chief interest connected with the experiment 
before us is to be found in the fact that it is almost the 
parallel to the process which is going on in the leaf of 
cveiy jjlant that waves in the sunshine. Compare the 
two reactions as they are here written, the one over 
the other : 
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COi + 2Na-N"a = + SXaO. 
CO, = C + 0=0. 

In tlie first, the eanse of the breaking up of the CO2 
molecule is evident, Tiie moleeiiles of the sodium 
have what is called an intense affinity for the atoms 
of oxygen, and attract them -with such power ae to tear 
them away from the atom of carbon. Now, -when you 
remember that the atoms of carbon and oxygen are 
united by such a force that it requires the great energy 
I have described to tear them apart, and in the light 
of this knowledge study the second reaction, yon will 
fail to find in the symbols any adequate explanation of 
the effect. And they cannot explain it ; for the sun's 
energy cannot be expressed by a chemical formula. But, 
yet, this energy does here precisely the same work 
which the sodium accomplishes in our cnicible. Morc- 
over, there is another striking analogy between the two 
processes, ■which must not be overlooked. 

The carbonic dioxide is decomposed in a vegetable 
leaf; and, of the two products of the reaction, the oxy- 
gen gas escapes into the air, while the carbon is depos- 
ited in the vegetable tissue. This relation between 
the two products depends on the aerifonn condition of 
oxygen on the one hand, and the great fixity of carbon 
on the other. Carbon ia peculiar in this respect : In all 
its conditions, whether of diamond, gi'aphite, or coal, it 
is one of the most fixed solids known. Even when ex- 
posed to the highest artificial heat, it never loses its 
solid condition, and so the molecules of carbon, as they 
form in the leaf, assume their native immobility, and 
become a part of the skeleton of the growing plant. 
To fully appreciate this remaTkable relation of carbon 
to organic structures, you must recall the fact that the 
only other three elementary substances, of which ani- 
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inals and plants chiefly consist— oxygen, hydrogen, and 
nitrogen — are not only aeriform, but they are gaees, 
wliich no amount of pressni'e or cold is able to reduce 
to the liquid or solid condition. All organized beings 
may be said to be skeletons of carbon, which have con- 
densed around the carbon atoms the elements of water 
and of air. 

This point is one of such interest that a familiar 
illustration of it may be acceptable. When a piece of 
wood is heated out of contact with the air, the volatile 
elements, hydrogen, oxygen, and nitrogen, are driven 
off in various eombinntions, wliilc the carbon molecules 
are loffc behind, retaining the same relative position 
tliey had in the tree ; and, if we examine the charcoal 
with a microscope, wo shall find that it has preserved 
the forms and markings of the cells, and the rings of an- 
nual gi-owth ; and, in fact, all those details of sti-ucture 
which marked the kind of wood from which it was made. 

My assistant has projected on the screen a magni- 
fied image of a thin section of wood, which has been 
thoroughly carbonized, and you see how strikingly the 
facts I have stated appear. 

Now, just as the non-volatile carbon is deposited 
from the carbonic dioxide in the cell of the plant, so in 
our experiment is it deposited in the crucible. Both 
of the products of the reaction are to a great extent 
fixed, but the carbon by far the most so ; and, in this 
experiment, all, or, at least, a great part, of the carbonic 
dioxide, which previously filled the jar, has deposited 
the carbon it contained in the iron cnicrhle. In the 
plant the carbonic dioxide, which passes through the 
structure in the process of plant-life, leaves its carbon 
in the leaf or stalk ; and so here, the carbonic dioxide, 
whicli is brought by the currents in the jar in contact 
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with the heated sociiiim, leaves its carbon m the enici- 
bie. In order to show jou that carbon ]ias been thus 
formed, I will now remove the erueible, and quenuh it 
with water. Tlie eodic oxide (Na^O) dissolves, and the 
charcoal ia sot free, and you see that the water m this 
jar is black with the pai-tieles of floating thaicoal 

Let lis now pass on to study a remarkable series of 
chemical clmngcs, in which carbonic dioxide also plays 
an important part. The first of the series is one with 
which you are all so familiar, that it is perliaps not im- 
portant to repeat it in this place ; but, as I am anxious 
that you should have the processes we are studying 
presented to yon in visible form, I will make the trivial 
experiment of slaking some common lime. 

The action is very violent, and great heat is devel- 
oped. As we shall hereafter see, the evolution of heat 
is an indication of chemical combination, and, in tlie 
ease before ua, the lime unites with the water. Let us 
try to represent this change by om- symbols. 

Lime is a compound of a metal we call calcium and 
oxygen. It is, in a word, a metallic ore ; and I have a 
small bit of the metal which it contains in this tube. 
By projecting an image of the tube on the screen, you 
can see almost all tliat I can, save only that the metal 
has a brilliant lustre and ruddy tint, like bismuth. A 
molecule of lime is formed of two atoms, one of this 
metal and the other of oxygen. Hence the symbol 
CaO. A molecule of water, as we know, is represented 
by H2O. The product of the reaction is a light, white 
powder we familiarly call slaked lime, and its analysis, 
interpreted by its chemical relations, shows that it has 
the constitution OaOaHj. The chemical name is calcic 
hydrate, and the change by which ifc was produced wc 
can now express thus ; 
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In tlds reaction, as you me, two molecules unite to 
form a third, which consists of the atoms of the other 
two. If, now, we mix this slaked lime with a larger 
body of water, the result is an emulsion called milk-of- 
lime, and consisting merely of particles of the hydrate 
suspended in water. A part of the hydrate actually 
dissolves ; and, if we employ as much as 700 times its 
vohmie of water, the whole dissolves, forming a trans- 
parent solution. This milk-of-lime, then, is a solu- 
tion of calcic hydrate, containing a large excesa of the 
solid hydrate in suspension. But there is a very sun- 
pie means of sepai-ating the solid from the solution. 

We USB for the purpose a circular disk of porous 
paper, called a filter, which we fold in the shape of a 
cone, and place in a glass funnel. On pouring the tur- 
bid liquid into the paper cone, the cleai" solution will 
trickle through the pores of the paper, but the solid 
sediment will be retained on the upper surface. 

Having now obtained a clear solution of calcic hy- 
drate (CaOsHs +Aq), I propose to show you next the 
action of carbonic dioxide upon it. 

For that purpose we will prepare some more of the 
gas, and, having poured onr clear solution into this jar, 
we wUl pour in after it a quantity of carbonic dioxide, 
whidi, although a gas, is so heavy that we can handle 
it very much like a liquid. The gas is now resting on 
the solution, but the action is exceedingly slow ; for, 
although the pai-ticles of the calcic hydrate are free to 
move in the liquid, and those of the carbonic dioxide 
in the space above the liquid, yet each is restricted to 
those spaces, and the two sets of molecules cannot 
come in contact, except at the surface of separation. 
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But, let us shake up tlie liquid, so as to bniig tlie mole- 
cules of both liquid and gas in contact, and you see 
that, at ouce, we have a very marked change. The 
liquid becomes tni-bid, and, after a while, a quantity of a 
■white powder will fall to the bottom, which, if collected 
and examined, will be found to be identical with chalk. 
Now that you are acquainted with our method of no- 
tation, I can best explain to you this change by writing 
at once the reaction : 

(OaOiH. + CO. -I- Aij.) = OaCa 4- (11^0 + .^q.). 

Colclo llydrale. Calcio CaHwnatc 

The symbols of the factors of the reaction you will 
at once recognize, and yon will also interpret the 
meaning of Aq., used to indicate that the calcic hy- 
drate and carbonic dioxide come together in Bolution. 
Among the products of the reaction, the first symbol 
represents one molecule of calcic carbonate, the mate- 
rial of chalk. Tliis body, being insoluble in water, 
drops out of the solution, and forms what is called a 
ijreeipitate, a condition which we indicate arbitrarily 
by drawing a hne under the symbol. Tlie only other 
product of the reaction is water, which, of course, min- 
gles with the gi-eat mass of water present, and this we 
express by HjO-l-Aq, 

I need not tell you that this white powder is not 
only the material of chalk, but the material of tlie 
limeatono-rocks, which form so great a part of tlis 
rocky crnst of our globe. Not only the rough moun- 
tain limestones, but the fine marbles, and that beauti- 
ful, transparent, crystalline mineral we call Iceland- 
spar, are aggregates of molecules, having the same con- 
stitution as those which have foimed in this experi- 
ment. The differences of texture may, doubtless, be 
referred to differences of jnoleeular aggi'ogation ; but 
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we have not yet been able fco discover, either what the 
difference is, or on what it depends. 

In order to produce the.last reaction, we poured the 
gaa upon the solution of calcic hydrate ; and the chalk 
was only produced as fast as the gas dissolved in the 
liquid. We shall obtain the reaction more promptly, 
if, instead of taking the gas itself, we employ a solution 
of the gas in water, previously prepared. Moreover, 
this form of the experiment will enable me to show 
you a phase of the process which miglit otherwise es- 
cape your notice. I need not tell you that we can 
easily obtain such a solution ready-made to our hands. 
That beverage, which we persist in miscalling soda- 
water, is simply an over-saturated solution of carbonic 
dioxide in water, made by forcing a large exc^S of the 
gas into a strong vessel filled with water. At the or- 
dinaiy pressure of the air, water will dissolve its own 
volnme of this gas ; but, when forced in by pressure, 
the water dissolves nn additional volume for every 
additional- atmosphere of pressure. As soon, how- 
ever, as this solution is drawn out into tlie air, the ex- 
cess of gas above one volume escapes, cai.ising the effer- 
vescence with which we are so familiar. Carbonic di- 
oxide is formed in the process of fermentation by 
which beer and wine are prepared; and it is the es- 
cape of tlie excess of this gne, dissolved imder pi-essure, 
which causes the effervescence of bottled beer and 
champagne. The solution in water (soda-water) is now 
supplied to the market in bottles called siphons, which 
are convenient for our purpose. 

Kotiee that, as I peiToit the solution to iiow into 
the lime-water, the same white powder appears as be- 
fore ; but, now, notice farther that, as I continue to 
add the solution of carbonic dioxide, tliis white solid 
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rcdissolves, and we have a beautifnliy clear Gohition. 
It ia generally believed that, iiiider these conditions, 
in presence of a great exce^ of carbonic dioxide, tlie 
molecule of calcic carbonate combines ■witli additional 
atoms of carbon, oxjgen, and hydrogen, to form the 
very complex molecule H2Ca020fl, which is asenmed to 
be soluble in water; bnt, aa this point is one of donbt, 
I prefer to present the phenomenon to you as simply 
one of solntion, and as illnstrating a remarkable point 
in our chemical philosophy-— the fact that the produc- 
tion of a given compound ia frequently determined by 
the circumstance of its insolubility. The calcic carbon- 
ate forms, in the first instance, beeanse this compound is 
insoluble ; but, when a proper solvent like the aerated 
water is present in eulBcient excess, no such compoimd 
results, or, at least, we have no evidence of its forma- 
tion. 

Most of my audience will be more interested, how- 
ever, in this solution of chalk in soda-water (for such it 
is), from the fact thatit plays a very important part in 
Nature, and is a common featui-e of domestic experi- 
ence. Such a solution as this is what we call hard 
water, and spring-water is frequently in this condition. 
Such water ia said to kill soap, and is disagi'eeable when 
used in washing, because the lime in solntion forms with 
the fatty constituent of tho soap an insoluble, sticky 
mass, which adheres to the hands or cloth. Moreover, 
when such water is boiled, the carbonic dioxide is di-iven 
off, and the water loses its power of holding the chalk 
in solution, which is deposited sometimes as a loose 
powder, but at other times as a hard crust on the 
sides of the boiler. 

I cannot readily show yon the repreeipitation un- 
der these conditions; but I have liere a crust, which 
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1V51S formed in a stcam-boilor m the manner I have de- 
Bcribed. A precisely similar action gives rise to the 
formation of stalactites in lime- cavenis, and of a form 
of lime-roek called travertine. Some of the finest mar- 
bles have been formed in this way. 

Thus it is that we have been imitating here the 
production of chalk, limestone, and marble, at least 
80 far as the chemical process is concerned. The mole- 
cule of all these substances has the same constitution, 
expressed by the symbol CaCOa. Now, it is evident 

CflOOs = OaO 4- 00=. 
Calcic Carbonate. ■ limo. Cnrtonle Dioxide. 

I mean simply by this, that it is theoretically possi- 
ble to form, from one molecule of calcic carbonate, one 
molecule of lime and one molecule of carbonic dioxide ; 
but it does not follow from this that it is practically pos- 
sible to break up the molecule of calcic carbonate in this 
way ; and we must avoid the error, not unfrequently 
made by chemical students, of being led astray by our 
notation. These equations, which we call reactions, ai'e 
not ince the equations of algebra. Any thing that can be 
deduced from an algebraic equation, according to tlio 
rules of the science, must be tnie; but it by no means 
follows that any combinations we may fonn with our 
symbols can be realized. We cannot dednco facts fi'om 
chemical symbols. They are merely the language by 
which we express the remits of expemnenf; and for 
this reason I liave been, and shall be, very careful to 
show yon the facts before I attempt to express them in 
chemical language. . But, in the case before us, our 
caution is needless, for we can break up the uiolecule 
in the precise way which our assumed reaction indi- 
cates; and I will show yon, lastly, two additional 



loy Google 



lee cnsMiCAL keactions, 

diemical processes, ■wliieli wiU bring back our material 
to the condition of lime and carbonic dioxide, the sub- 
stances from which we started. 

The first is a reaction, identical with the one I have 
just written. Since the beginning of the lecture, I 
have been strongly heating Bome lumps of elialk in 
this platinum crucible. The process is a slow one ; and 
it was neeessaiy to begin the experiment early, in 
order that I might sliow you the result. The chemical 
change is identical, however, with tliat which may be 
observed in any lime-kiln, where lime is made by burn- 
ing limestone. Eaeli molecule of chalk, CaCOa, looses 
a molecule of carbonic dioxide, COs, and we have left 
a molecule of lime, CaO. But the change in the ap- 
pearance of the white mass produced by burning is so 
slight that I must bring ni the aid of experiment to 
prove that any change has taken place ; and, first of all, 
I must show you the test I am going to use, 

In the first of these two jais I have an emulsion 
of chalk, and in the second milk-of-lime. IS'otice that 
this piece of paper, eoloied by a vegetable dye called 
tunnerie, remains unchanged when dipped in the emul- 
sion of chalk, but turns red in the milk-of-lime. 

Let us test, now, the contents of our crucible. We 
win first empty it into some water. The white lumps 
almost instantly Taocome slaked, and render the water 
milky. We will now dip in a sheet of turmeric-paper, 
and yott see that, although we began with inactive 
elialk, we liave obtained a material which acts on the 
turmeric-paper like caastie lime. Tims, then, we have 
regenerated the lime. 

Let us next see if wc can regenerate the carbonic 
dioxide : 

In tlic last expcri.iient, cnrbonic dioxide was pro- 
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duced, but it e?cipcd -^o slowlj , iiid m siicli small quan- 
tities, as entiielj to escipe notice "Where, however, 
limestone is bnined ou a laij,e bctle, the current of gae 
from the kiln i& fieijiientlj veij peiceptible ; and more 
tlian one jioor^ogiint, who his sought i night's lodg- 
ing under the shelter oi the staelc, his been suffocated 
by the streim But we can make evident the produc- 
tion of ctibonic dioxide tiom chill without the aid of 
such a Sid illnetiatnon 




In tliiH IjrtOt, «( Jia\e omp bit^ ot clialk. One ot 
the two neeks ot the bottle ih closed by a cork, through 
which pfisses tightly in exit tube, to conduct away any 
gas that may be formed. The other is also corked, and 
through the cork passes a funnel-tube, by which I can 
introduce any liquid reagent into the bottle (Fig. 22). 
On pouring in some ninriatie acid, a violent efferves- 
cence ensues, and a gas is formed which, flowing from 
the exit-ttibe, displaces the water in this glass bell. 

The bell stands in what we call a pneumatic trough, 
and this simple apparatus for collecting gases must, I 
think, be familiar to all of my audience. The open 
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mouth of the bell rests on the shelf of the trough un- 
der water, and the liquid is sustained in it by the press- 
ure of the air. Let mo, while the expenment ia going 
on, write out the reaction ; 



"We already know the symbols of alt the factors, 
and wc may, therefore, confine our attention to the 
products. 

The products are, ih^t, earbonic-dioxide gas ; and, 
secondly, a solution in water of a compound whose 
molecule consists of calcium and chlorine, and which 
we call calcic chloride. And, now that the jar is 
filled, I can easily show that we have regenerated car- 
bonic dioxide. Eemoving the jar from the trough, we 
will first lower into it this lighted candle, and then 
pour into it some lime-water. The candle is instantly 
extinguished, and the lime-water rendered turhid. 

Thus we end tlio torture of these molecules. Tou 
have seen how easily wo have formed them, and how 
readily we have broken them up. We began with 
lime and carbonic dioxide, which we united to form 
chalk. We dissolved the chalk in a solution of CO3, 
and learned how, in Nature, various forms of limestone 
could be crystallized from this solution. Lastly, we 
have recovered from the chalk the lime and carbonic 
dioxide with which we begun. I hope you have been 
able to follow these changes, and to nnderstand the 
language in which they are expr^ed. If so, we have 
taken another step in advance, and, at the next lecture, 
shall be able to go on and classify these reactions, and 
thus prepare the way by which we may reach still fur- 
ther truth in regard to this wondertul microcosm of 
molecules and atoms. 
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Before, however, closing my lecture, I will embrace 
the opportunity ofEered by this division of my subject 
to explain, ae briefly as I can, the prineiplea of our 
chemical nomenclature. This nomenclature originated 
in 1787 with a committee of the French Academy of 
Sciences, a committee of which the great chemist Lar 
voisier was the ruling spirit. It was an attempt to in- 
dicate the composition of a substance by its name, and, 
for half a century after its adoption, it served most 
admirably the purpose for which it was devised, and 
exei'ted a marked influence on the development of 
chemistry. The nomenclature was based, however, on 
the dimlistic theory, of which Lavoisier was the father, 
and, when at last oui* science outgrew this theory, the 
old names lost much of their significance and appropri- 
ateness. "Within the last few years attempts have been 
made to modify the old nomenclature, bo aa to better 
adapt the names to our modem ideas. Unfortunately, 
the result, like most attempts to piece out an old gar- 
ment, is far from satisfactory, and reviewers revel in 
the absurdities to which the nomenclature leads when 
applied to many of the products of modem chemical 
investigation. Fortunately, however, ehemieal symbols 
now supply to a ^eat extent the place of philosophical 
names, and hence the nomenclature is a far less im- 
portant feature in the new chemistry than it was in the 
old; I shall not, therefore, enter into much detail in 
regard to it, but limit myself to the statement of a few 
rules which will give you the key to the significance of 
the more common chemical terms, 

The names of elementaiy substances are necessarily 
arbitrary. Those which were known before 1787 retain 
their old names, such as sulphur, phasphoms, won, gold, 
and several others, including all the useful metals. Most 
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of the more recently-discovered elements have 1: 
named in allusion to some prominent property, or si 
circumstance connected with their histoiy: as c 
from 6^b<; '^mrpaa (acid generator) ; hydrogen, from S 
yevvdco (water generator) ; oMorme, from y^Kivpoi (green) ; 
iodme, from mdBjjs (violet) ; Irormne, from ^pw/io? (fetid 
odor). The names of the newly-diacovered metals have a 
common teniiination, um, as potassium, sodmm, plati- 
num ; and, the names of several- of the non-metallic ele- 
ments end in ine, as chlorine, Iromine, iodine, Jkiorme. 
Passmg next to binaiy compounds — that is, com- 
poimds of only two elements — we notice, first, that the 
simple compounds of the other elements with oxygen 
are all called oxides, and that, in order to distinguish 
the different oxides, we tise adjectives formed fi-om the 
name of the element with which the oxygen is com- 
bined, preferring however, in many cases, the Latin 
name to the English, hoth for the sahe of euphony and 
in order to secure more general agi-eement in different 
languages. Thus we have — 

Argentic oxide AgaO 

Plumbic oxide PbO 

Stannic oxide SnO^ 

When the same element forms with oxygen two 
compoimds the termination ia is retained for the higher 
oxide, while the termination ous is given to the lower. 
Thus— 

Forrous oxido FoO 

FeiTic oside FesOs 

Snlphm-OMB osido SO, 

Sulphuric oxide 8O3 

If there are more tlian two oxides, or if, in any case, 
there are objections to the use of tlie termination oiis, 
the neeessaiy distinctions are made by means of Grcclc 
numeral prefixes : 
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NitwMS oxide N2O 

Nitric oxidB ; . . KO 

Dinitric ti'ioxide WjOa 

Nitn'e dioxide KOi 

Diuitrie pentoxide NjOs 

Carbonie oside 00 

Oai'bom'e dioxide 00a 

The names of the Intuwy compoimda of tlie other 
elements are f oiined like those of the oxides. 



ClilojTOO are called Ohlorides. 


Bromiao 


Bromides. 


Iodine 


Iodides. 


Fluoi'iiio 


Flaoridea. 


Sulplmr 


Bulpliidfes. 


Nitrogen 


' mtvide8. 


Piiospliortis 


Phosphides. 


Arsenic 


' Ai-aeaides. 


Antimony 


' Aniimonidea, 


Carbon 


' Oarbon!&», 



Moreover, the specific names in the several elaases of 
compounde also follow the analogy of the oxides, tluis : 

Stannoa* chloride , SiiCIa 

Stannitf eblorido SiiCli 

DiferroTis snlpbide FeaS 

Ferrous sulphide , FeS 

Ferric anipliide FeaSi 

Fomc diaulpbide FeSa 

And here, before we pass on to the names of compounds 
of a higher order, let me ask joa to carefully fix in your 
memory the fact that the termination ide always indi- 
cates a compound containing only two elements. 

Of compounds of three or more elements the most 
prominent class is that of the acids, bodies oiiginally so 
called on a^eoimt of their sharp or acrid taste. T^ow, 
the greater paii; of the inorganic or mineral acids are 
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composed of the two elements hydrogen and oxygen, 
united to some third element, which is the characteristic 
constituent in each case ; and, from this third element 
the acid takes its name, the terminations ic and ous 
being used as in the case of binaries to indicate a gi'eater 
or less amount of oxygen in the compound. Thus we 
have — 

Nitrous acid HNOn 

Nitric acid HWOe 

Bnlphuroufl noid IlaSOs 

Sulpliurfc acid 11,80. 

Phosphorwis acid ILPO, 

PUosphoi-M acid HaPOj 

In every acid we can by various eliemical processes 
replace the hydrogen it contains with different metalhc 
elements, and we thus obtain a very large class of com- 
pounds called salts. The generic name of the salts of 
each acid is formed by dmnging the termination io, of 
the name of the acid, into ate, or the termination mis 
into it6f thus : 

SulplnirojM ftcid forms Sulpliifc*, 

Snlphurie acid " Sulpliafes, 

PhoBplioroKs acid . " Pliospiiifes, 

Piiosphoric acid " Phosphates, 

Carbomc acid " Oarbonates, 

Silicie noid " Bihoates, 

and the different salts of the same acid are distinguished 

by adjectives as before. Por example : 

TTitrio acid JINO^ 

Sodio nitrate. Nn,]SrOa 

Potassic nitrate KNOs 

Argentic nitrate AgNOs 

So also : 

Sulphuric acid 11,80, 

Potassic sulphate KsSOj 
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Oalcio sulphate CaSOj 

Mercnroiw aulphate Hg8S04 

Mercurie Bulphnte HgSO, 

Ferrojw sulphate FeSO, 

Ferria sulphate Fe,{S04)G 

The terminations ous and is, used in the names of 
these ealta, indicate the same difference in the condition 
of the metalhe element whicli determines the imion of 
the metal with more or less oxygen. Ferrous and ferrio 
snlphates, for example, correspond to feri'ons and ferric 
oxides. The nature of this difference will be discussed 
in the chapter on quantiralenee. 

There is an important class of compounds which 
bears to water a relation similar to that which salts sus- 
taui to their respective acids. This class of componnds 
is called the hydrates, and may be regarded as derived 
from water, by replacing one-half of its hydi'ogeii. 
Thus we have — 

Potassic, bjdrato KOH from HOH 

Calcic hydrate OaOJI: " 2H0H 

Biamathio hydrate BiOJlp " StHOH 

Silicic hydrate SiO.II. " 4non 

So also: 

FeiTTOJia hydi'ato FeOiTTi 

Feme hydrate FosOJIo 

The very interesting theoretical relations of the hydrates 
will hereafter be discnsaed. 

When the hydrogen of an acid is only in part re- 
placed, or is replaced by more than one metaHic ele- 
ment, the constitution of the i-esultmg salt may still be 
indicated by the name, as in the following examples : 

Hydro-disodic phosphate II,lTaaPOi 

Potassio-alaminio sulphate KsAl5(8O0i 
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In lilce maimer the relative proportions of tlie scvoi'al 
ingredients of a salt may be indimted, as in— 

Tetrtthydio-oalcio diphosphate HjOa(POi)a 

Disodic tetrohorate (borax). NasBjOi 

Bnt, as is evident, names like the last two are prac- 
tically useless, and, wlien we attempt to extend the 
noHienelature to organic compounds, we ai'e led into 
still greater absui'dities ; so that, although hy giving 
arbitrai7 names to various groups of atoms called com- 
pound i-adicals we have been able, to a limited extent, 
to adapt the nomenclature to this dass of substances, 
yet we have been compelled in many cases to resort to 
trivial names like those used before tlie adoption of the 
nomenclature. The names oil of vitiiol, coiTOsive sub- 
limate, calomel, saltpetre, borax, cream-of-tartar, etc., of 
the last century, have their countei^parts in aldehyde, 
glycol, phenol, urea, morphine, naphthaline, and many 
other familial' names of our modern eeienee. Of course, 
sneh names are subject to no rules, and, although they 
have been usually selected with care, and indicate by 
their etymology important relations or qualities, they 
must be associated separately with the substances they 
designate. 
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Among chemical reactions we may distinguish three 
daaees: 1. Those in wliich the uiolecules are broken 
up into atoms ; 2. Those in which atoms are united to 
form molecules ; and, 3. Those in wliidi the atoms of 
one molecule change places with those of another. 
Eeaetions of the first kind are called a/nalyds, those of 
the second synthesis, and those of the thii'd jtietathesis 
—terms derived from the Greek, and signifying re- 
spectively to tea/r apoH, to bind together, and to inter- 
ch/Mige. 

This classification is one of great theoretical impor- 
tance. But it must be further stated that a simple ana- 
lytical or synthetical reaction, as here defined, is sel- 
dom if ever realized in Natm'e. Almost every chemi- 
cal process is attended both with the breaking up of 
molecules into atoms and the regi'ouping of these 
atoms to form new molecnies, that is, it involves both 
analysis and synthesis ; and .this is true even in the 
many cases where the prodncts or factors of the chemi- 
cal reaction are elementary substances ; for, when tlie 
molecules of the elementary substances consist of two 
or more atoms, the breaking apart or coalescing of 
these atoms, although they are atoms of the same elc- 
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juent, conBtitutes analysis or Byntliosis, as here defined. 
Thus, when, in the burning of hydrogen gas, this ele- 
mentary substance unites with the oxygen of tlie air to 
form water, the molecules of oxygen most be divided 
into atoms before the synthesis of the water molecule 
is possible ; and so, on the other hand, when water is 
decomposed, the resulting atoms of oxygen unite by 
twos to form molecules of oxygen gas ; and this pair- 
ing iSj according to oui- definition, a process of syn- 
thesis. The chemical reactions, which express these 
changes, illustrate very clearly the point here made : 

" 0=0. 



Bnrnlng of nydrojoB Gas. 


DecomiKisltloii of 


2H-H + 0^0 = 2[1,0. 


2H,0 = 2H-H 


Q/di'iiBon Oijeen Water. 





The first states that from one molecule of oxygen ai'e 
formed two molecules of water, and this, of course, ne- 
cessitates a division of the oxygen molecules ; while 
the second states that from two molecules of water only 
one molecule of oxygen gas results, a process which 
involves the union of the two oxygen atoms, previously 
separated in the two molecules of water. Indeed, a 
purely analytical or a purely synthetical reaction would 
only be possible theoretically in those eases where ele- 
mentary substances were involved, whose molecules con- 
sist of a single atom, that is, where the molecule and 
the atom are identical, and we can recall no well-de- 
fined reactions of this kind. 

But, although we should be obliged to seek among 
the unfamiliar facts of chemistry for examples of pure 
analysis or pure synthesis, yet processes, in which one 
or the other is the predominant feature, and which il- 
lustrate the special characteristics of each, are close at 
band- Some of these I now propose to bring before 
you, begiiinizig witli the analytical pi'ocesses, and I 
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shall select such examplea aa incidentally illustrate im- 
portant principles, or interesting facts, of the science. 

Afterward, we will pass to the metathetieal i-eac- 
tions, which are not only very conunon, but constantly 
occur undisturbed by other modes of chemical change ; 
and the study of this very important class of phenoin- 
eaa will show us some of the latest phases which our 
chemical philosophy has assumed. 

Of the analytical reactions I will select for our first 
illustration the process by which oxygen gas is usually 
made. The common som'ce of oxygen is a white salt, 
now well known under the name of chlorate of potash, 
but which, in the nomenclature of our modern chem- 
iefcryj is called potassic chlorate. I presume, if wo 
should inquire into the cause of the present notoriety 
of this chemical preparation, we should find that it 
owed its reputation to the chlorate of potassa troches, 
and there is no doubt that, when judiciously used, 
this salt has a very soothing effect on an instated 
throat. But, after all, the great mass of the potassic 
chlorate manufactured is used for fireworks or for mak- 
ing oxygen gas, and it is to the last use we now pro- 
pose to apply it. For this purpose, we have only to 
heat the salt to a low, red heat in an appropriate ves- 
sel. We use here a copper flask, and connect the exit- 
tube with the now familial" pneumatic trough, Wliile 
my assistant is preparing the oxygen gas, I will explain 
to you tho process. 

Although potassic chlorate is a non-volatile solid, 
and we have no direct means of weighing its molecules, 
yet, from the purely chemical evidence we possess, 
there is no doubt whatever about its molecular consti- 
tution. It is expressed by the symbol KOIO3, and, 
in the process before us, the potassic chlorate simply 
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breaks up into another ealt called potassie eliloiido and 
oxygen gas, 

KClOa = KCl + Oa, 

PotasBlQ Chlomlo. Potasaie CLIortcIo. Osygoa Aloma. 

that is, each molecnle of the salt gives a moleenle of 
potassie chloride and three atoms of oxygen, l^oticc 
that I say three atoms ; for this is a point to which I 
must call your attention. 

We are not dealing here with an example of pure 
analysis, although that feature of the reaction pre- 
dominates over every other. Oxygen gas is the 
product formed; and, as I have severai times said, 
we know that the molecules of oxygen consist of 
two atoms. Hence, the three atoms which the heat 
drives off must pair, and, from three atoms, we can 
only make one molecule, "Wliat, then, is to become of 
the thhd atom, which seems to be left out in the cold ? 
You must have already answered this question ; for 
you remember tliat our symbols only express the 
change in one of the many millions of molecules 
which are breaking up at the same instant ; so there 
can be no want of a mate for om' solitaiy atom. In- 
deed, two molecules of chlorate will give us, just the 
number of atoms we want to make three molec\ilcs of 
oxygen gas. Hence, we should express the change 
more accurately by doubling the symbols : 
3KOIO3 

Potaeslo OMorab 

Let me next remind yon that tlieae symbols express 
exact quantitative relations ; and, as some of my young 
fiiends may desire to know how to calculate the amount 
of chlorate tliey ought to use in order to make a given 
volume, say, ten litres of oxygen, I ivill, even at the 
risk of a little recapitulation, go through the calcula- 
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tion; Amoleculcof KClOs weighs 39.1 + 35.5+48 = 
132.6 m.c, and two molecules will weigh 245.2 in.c. 
These yield 2KC1, weighing 2 (39.1 + 35.5) = 149.2 m.c., 
and 300, weighing 96 m.c. We must next find the 
weight of ten litres of oxygen gas. To find the weight 
of one litre we multiply the specific gravity of the gas, 
or half raoleeular weight, by yw^. Now, y^ x 16 = 
1.44 gramme. Hence, ten liti'es weigh 14.4 grannnes. 
But, if 96 m.c. of gas are made from 245.2 m.e. of 
salt, then 14.4 gi-ammes would he obtained from a 
quantity easily found from the proportion ; 
96 : 345.3 = 14.4 : a> = 36.78 grammes. 



I think, after this, we will assume that these qnan- 
titative relations are all right, and let them take care 
of themselves. Eetuming to the experiment, before 
I show that the products are those which I have de- 
sci'ibed, let me give just a word of caution to any of 
my young fi-iends present, who may like to repeat it. 

"We find that it is best to mix om- chlorate with a 
heavy black powder, known in commerce as black ox- 
ide of manganese. What the eifect of the powder is 
we do not know, for it is wholly unchanged in the 
process. Eiit, in some way or other, it eases off 
the decomposition, which is otherwise apt to be vio- 
lent. In buying the black oxide of manganese you 
must take care that it has not been adulterated with 
coal-dust — for a mixture of coal-dust and chlorate ex- 
plodes with dangerous violence when heated, and seri- 
ous accidents have resulted from the cupidity which led 
to such adulteration. Let me, moreover, say in general 
that, although I highly approve of chemical experi- 
ments, as a recreation for boys, tliey ought always to be 
made under proper oversight, and aecoi'ding to exact 
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directions, and I would wannly recommend, as a trust 
worthy companion for all beginnei'S, the ahiidgment of 
" Eliot and Storer'e Manual of Chemistry," recently 
edited by Prof. Nichols, of the Institute of Technol- 
ogy- 

But how shall I show you that this gae we have 
obtained is oxygen 1 I know of no better way tJian 
to teet it witkoneof ourwatcli-springraatches. ... In 
no other gas will iron bum like this. 

So much for the oxygen. Let us next turn to the 
other product, that I called potassic chloride. Tliis is 
left in the retort, forming a solid residue, but, as it 
would take a long time to bring what we have just 
made into a presentable condition, we must be content 
to see some of the product of a former process, which 
I have in this bottle. 

At a distance, you cannot distinguish the white salt 
from the potassic chlorate with which we started, but, 
if you compared the two carefully, you would see that 
there was a very great difference between tliem. I 
can only show you that the crystals of the two salts 
have wholly different forms. For this purpose I have 
crystallized them on separate glass plates, and I will 
now project a magnified image of the crystals on the 
sereeu. There you see them beautifully exhibited on the 
two iliuminated disks side by side. The square figures 
on the left-hand disk (Fig. 23} ai-e the projections of 
the cubes of potassic chloride, which differ utterly in 
foi-m from the rhombic plates of potassic chlorate that 
appear on tlieright (Fig, 24). 

The second example of an analytical process which 
I have to show you is also familiar to many of my 
audience, and cannot fail to be interesting to the rest ; 
for it is the process by whicli nitrous oxide is prepared. 
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the gas now so much used by tlie d 
thetie. It was formerly called laughing-gas, but the 
peeuliiii- intoxication it causes, when inhaled under cer- 
tain conditions, has been almost forgotten in its present 




beneficent application in minor sui'gery. Niti'ons oxide 
is made from a well-known wliite salt, prepared from 
one of the secondary products of the gas-works, and 
called nitrate of ammonia, or amraonic nitrate. When 
this salt is gently heated in a glass flash, its molecules 
split up into those of nitrous oxide and water. 

Again, let us make use of the time required for the 
expeiiment to explain tlie process. The molecules of 
ammonic nitrate have the conatitutiou N3H4O3, and 
tlie change may be represented thus : 



The experiment has been arranged so as to show both 
of the products (Fig. 25), The water condenses in this 
test-tube, while the gas passes forward, and is collected 
over a pneumatic trough. But what evidence can I 
give you that these are, in fact, the products^ As re- 
gards the water, you would readily recognize the fa- 
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miliar liquid, whiuli has collected in the tube, could 
you examine and taste it. Bnt, as I cannot offer you 
this evidence, I will seet for another. Moat of you 
inuBt be fainiliur with the remarkable actidn of the 
alkaline metals on water. You see how this lump of 
potassium inflames the moment it touches the liqnid. 




Let 19 no-^v see whethei it -nill act m a similai ■way on 
the liquid winch has condensed m oni tube. . . . Theio 
can be no doubt that we are dealing with water. Next 
for the gas. Nitrous oxide has the remai-liable quality, 
not only of producmg auEesthesia, but also of sustain- 
ing the combustion of ordinary combustibles with gi'eat 
biilliancy — ^like oxygen gas. But there is a mai'kcd 
difference between niti'ous oxide and oxygen, which 
an experiment will serve to illustrate, and this, at the 
same time, will show ua that the gas we have obtained 
in our experiment is really niti'ons oxide. 

Taking a lump of sulphui', I will, in the first place, 
ignite it, and when it is only burning at a few points 
I will immerse it in a jar of oxygen. As you see, it at 
once burns up with gi'eat brilliancy. Taking now a sim- 



loy Google 



EXPLOSION OF IODIDE OF NITROGEN. 183 

ilar lump of sulphur, and waiting until you all admit 
that it is ignited more fully than before, I will plunge 
it into this jar of gas we have just prepared, and which 
we assume to be nitrous oxide. ... It at onee goes 
out, and the reason is obvious. There is an abundance 
of oxygen in the nitrous oxide — relatively, more than 
twice as much as in the air ; but, in the molecules of 
NjO, the oxygen atoms are. bound to the atoms of ni- 
trogen by a certain force, which the aulphiu- at this 
temperature is unable to overcome. Let me, howevei-, 
boat the sulphur to a still higher temperature, until the 
whole sixi-face is burning, and you see tliat it bums as 
brilliantly in the compound as it does in the element- 
ary gas. 

The last example of an analytical reaction, which 
we shall have time to examine, is fm'nished by a re- 
markable compound of jodine and nitrogen, called 
iodide of nitrogen. Iodine is an elementary substance, 
resembling chlorine, which is extracted from kelp, that 
common broad-leafed sea-weed abounding on our coast. 
It is a veiy volatile solid, and gives a violot-colored va- 
por, whence its name from the Greek word ki&ij?. When 
heated gently with aqua ammonia, the iodine takes 
from the ammonia a portion of nitrogen, and forms 
with it a very explosive compound whose molecule has 
the eonstitution NI3. We have prepared a small quan- 
tity of the substance, and the black powder is now rest- 
ing on this anvil, wrapped in filtering-paper. The 
slightest friction is sufficient to determine the break- 
ing up of these very unstable molecules, and the de- 
composition of the compound into iodine and nitro- 
gen, A mere touch with a hammer is followed by a 
loud report, when you notice a cloud of violet vapor, 
which indicates that the iodine has been set free : 
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In this case, as in previous examples, the atoms, when 
liberated, unite in pairs to form molecules of nitrogen 
gas on the one side, and molecules of iodine-vapor on 
the other ; and, since a single molecule does not yield 
an even number of atoms of either kind, we double 
the symbols. 

There is one characteristic of analytical reactions 
which must.be carefully noticed. The parting of atoms 
(and it must be remembered that by an analytical reac- 
tion we merely mean this phase of a chemical process) 
is attended by tlie absorption of heat ; although — as in 
the last expeiiment — the effect is often masked by other 
causes. But this truth can only be made evident by 
comparing the results of careful measurements, which 
cannot be made rapidly, and whose discussion, even, 
would be out of place at this time. I miist, therefore, 
content myself vrith stating the fact as one of the defi- 
nite results of science, and pass on to some examples of 
synthesis — reactions of the opposite class. 

One of the most striking illustrations of the direct 
union of two molecules, to form a thii-d, is furnished by 
the action of ammonia gas on hydrochloric-acid gas. 
Without entering into any details in regard to the pro- 
cesses by which these two aei-iform subBtances are pre- 
pared, let it be sufficient to say that, in the glass flask 
on the right-hand side of this apparatus (Fig. 26), are 
the materials tor making hydrochloric acid, and in the 
similar flask on the left those for making ammonia. 
The exit-tubes from these flasks deliver the two gases 
into this large glass bell, where they meet, and the 
chemical reaction takes place. The reaction is very 
simple, and one in regard to which we have no doubt, 
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for tlic molecules of both of tlie factors liave been 
weighed and analyzed. It is expressed thua : 




onla and Hjd 111,111000 1 



As you seo, the atoms of a molecule of ammonia unite 
with those of a molecule of hydroehloiic acid to foi-m 
a single moleenle of ammonic ehloiide, and, although 
the reaction may imply the breaking up, to a certain 
extent, of the molecules of the two factors, yet the 
subsequent synthesis is the chief featm'e. Ammonic 
chloride is a solid, and tlie sudden production, fi-om 
two invisible gases, of the white particles of this salt, 
which fill the bell with a dense cloud, is a very strik- 
ing phenomenon. 

The second example of synthesis I liave chosen is 
equally striking. Here, also, the factors of the reaction 
are both gases. 

The lower jar (Fig. 27) contains a gas called nitric 
oxide, like nitroiis oxide, a compound of oxygen and 
nitrogen, but containing a relatively larger projwrtion 
of oxygen. Its molecule has the constitution ^O, 
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The Upper jar contains oxygen, and, on removing the 
thin glass which now separates the two gases, you no- 
tice an instantaneons change. A deep-red 
vapor Boon fiUs the glass. This red prod- 
uct is still another compound of nitrogen 
and oxygen, called nitric peroxide, whose 
symhol is NO^ and the reaction is simply 
this : 

2N0 + 0=0 = 2H"0s. 

mtcic OKiae. Nitrio Peroidio. 

Here a molecule of nitric oxide takes only 
an atom of oxygen, and, since each mole- 
cule of oxygen gas consists of two atoms, it 
will supply the need of two molecules of E"0. 
Since the two factors and the single prod- 
uct of this process are all gs«es, the reaction 
^b^tl^S'^'Sf before us is well adapted to illustrate another 
mal^^' fact in regard to our symbols, of which I 
^^ have not as yet directly spoten. If, in 

writing reactions, care is taken that each term shall 
always represent one or more perfect molecules, so far 
as their constitution is known — then the symbols will 
always indicate, not only the relative weights, but also 
the relative volumes of the several factors and products 
when in the state of gas. That this must be the ease, 
you will see when you remember that equal volumes 
of all gases under the same conditions have the same 
number of molecules, and hence that all gas-molecules 
have the same volume. The symbol of one molecule rep- 
resents what we will call a unit volume, and the number 
of these unit volumes concerned in any reaction is the 
same as the number of molecules. We can read the 
reaction before us thus : Two volumes of nitric-oxido 
and one volume of oxygen gas yield two volumes of 
nitric peroxide. 
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Three voliimea, therefore, iDeeome two. If this is 
the case, there must be a partial vaeuuin in the jar, 
and, on opening the stop-cock, you hear the whistle 
which the current of air produces as it rushes in to es- 
tablish an equilibrium. 

We come now to etill another example of a syn- 
thetical reaction, and, to illustrate this, the apparatus 
before you has been prepared (Fig. 2i). 
The metallic leaf in the upper of the two 
glass jars is made of brass, which consists 
of the two metals, zinc and copper. In 
the lower jar we have chlorine gas, Ti e 
air has been exhausted from the uppei 
jar by a pump, and, on opening the stoj 
eocb, the chlorine gas will rash, in from 
the lower jar to take its place. Oheraicil 
union at once results, and notice the ap 
pearanee of flame, which ie an indieatiii 
that great heat is produced by this chemical 
change. The change here isvei-y simple I 'VLt' 

The atoms of chlorine unite directly with r o i — u n r 
the atoms both of zinc and of coppei TioseL 
foi-ming two compounds, which we call 
respectively zincic chloride, and cuprie chloride. One 
reaction will serve for both metals, as the two are sim- 
ilar, differing only in the symbols of the metals. Take 
copper — 



0)-Cl = 



OiiOl,. 



As in analytical reactions heat is absorbed, so in 
synthetical reactions heat is evolved. You were all 
witnesses of the fact that beat was evolved in this last 
reaction, and it is equally true that heat was devel- 
oped in each of the two previous experiments. In the 
combination of ammonia with hydrochloric acid (Fig. 
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26), this fact was made evident by the thermometer we 
placed in the bell for the purpose, and in the com.bina- 
tion of nitric oxide with oxygen by the initial expan- 
sion which attended the first union of the two gases, 
and which wonld have lifted off the upper bell (Fig. 
27), had I not firmly held it in its place. As, however, 
the product rapidly cooled to the temperature of the 
air, the initial expansion was soon foUowed by the con- 
densation to which I called your attention. 

Now the principle illustrated by these three expcri- 
ents 8 universally true, and the point is so impor- 
t nt tl it I will make still another experiment in order 
to 11 btrate this feature of synthetical reactions still 
t tl e In this glass I have placed a small piece of 
J I sj 1 ns, and now I will drop upon it a few ci-ys- 
tals of iodine. Direct combination between the phos- 
phorus and iodine at once takes place, and the lieat 
developed by this union is sufficient to inflame the un- 
eombined phosphorus which I have intentionaDy added 
in excess. 

The piinciple here illustrated is one of the greatest 
importance in the theory of chemistry, and this class 
of phenomena has been the object of extended inves- 
tigation. Not only has it been shown tliat the prin- 
ciple here stated is in general trne, but also that the 
amount of heat liberated by the union of the same 
atoms to form the same molecules is always constant, 
and this amount has, in very many cases, been meas- 
ured. It has further been proved by actual experiment 
that, when, by any cause, the atoms thus joined are sep- 
arated, exactly the same amount of heat is absorbed. 
In chemical processes, where, as a general rule, there 
are both analysis and synthesis, the thermal relations 
depend primarily on the extent to which these two ef- 
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fects neutralize eadi other ; but changes in the state of 
aggi'egation, and other physical cansea, constantly inter- 
vene to modiiy the result. 

There is one class of chemical processes in which 
the thermal effects are so great, so striking, and so im- 
portant, as to subordinate all other phenomena. I re- 
fer to the common processes of combustion, on which 
I for all our artificial light and heat. To 
a I shall next ask your attention, for, al- 
though they are only farther illustrations of the princi- 
ple just stated, yet, they play such an important part in 
Nature, and have been so often the battle-ground be- 
tween rival chemical theories, that they demand our 
separate attention. I will open the subject by burning 
in the air a piece of phosphorus. 

Before tliis intelligent audience it is surely unneces- 
sary to dwell on the elementary facts connected with 
the class of phenomena of which this is the type. It 
will only be necessary for me to call to your recollec- 
tion the main points, and then to pass to the few feat- 
ures which I desire especially to illustrate. In regard 
to the main points, no experiment could be more in- 
structive tlian this. This large glass jar is filled with 
the same atmospheric air in which we live. Of this 
atmospheric air one-fifth of the whole material consists 
of molecnles of oxygen gas in a perfectly free and un- 
combined condition ; for, although they are mixed with 
molecules of nitrogen gas, in the proportion of four to 
one, and, although the presence of this great mass of 
inert material gi-eatly mitigates the violence of our or- 
dinary precedes of burning, it does not, in any other re- 
spect, alter the chemical relations of the oxygen gas to 
combustible substances. These combustibles are, for 
the most part, compounds of a few elements — carbon, 
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hydrogen, sulphur, and phosphorus — ^including the ele- 
mentary substances themselves, and onr common com- 
hustibles are almost exclusively compounds of hych-ogen 
and carbon only. Their peculiar relations to the atraoa- 
pbere depend solely on tlie fact that the atoms of these 
bodies attract oxygen atoms with exceeding energy, 
and it is only necessary to excite a little molecular ac- 
tivity in order to determine chemical imion between 
the two. This union is a simple synthetical reaction, 
and, like all i^roceases of that class, it is attended witl: 
the hberation of heat. The chief feature which dii 
tinguishes the processes of burning from other synthet- 
ical reactions is the circumstance that the heat gen- 
erated during the eombination is euflident to prodiice 
ignition— in other words, to raise the temperature of 
the materials present to that point at which they be- 
come Imninous, and the brilliant phenomena ■which 
thus result tend to divert the attention from the sim- 
ple chemical change, of which they ai'e merely the out- 
ward manifestation. In the case of our ordinary com- 
bustibles, the real nature of the process is still further 
obscured by the additional circumstance that the prod- 
ucts of the burning — carbonic dioxide and aqueous va- 
por — are invisible gases, which, by mixing with the 
atmosphere, so completely escape rude observation that 
their existence even was not suspected until about a 
century ago, when carbonic dioxide was first discovered 
by Dr. Black. Although these aeriform products neces- 
sarily contain the whole material, both of the combus- 
tible and of the oxygen with whidi the combustible has 
combined, there is a seeming annihilation of the com- 
bustible, which completely deceived the earlier chem- 
ists. In the ease before us, however, the product of 
the combustion is a solid, and it is this circumstance 
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which makes tlio experiment so instrnctivo. Almost 
eveiy step of tlie process can bo here seen. Yoii no- 
ticed that we lighted the phosphoiTis in order to start 
tlie eombustion — for this comhiistible, like every other, 
must be heated to a certain definite temperature before 
it bui'Bts into flame. This temperature is tisiially called 
the point of ignition, and differs gi-eatly for different 
combnstiblcs. While phosphonie inflames below the 
temperature of boiling water, coal and similar combus- 
tibles reqnii'e a full red heat. If, as onr modem theory 
assiunes, inci-eased temperature merely means an in- 
eroaaed velocity of moloenlar motion, the erplanation 
of these facta would seem to be that a certain intensity 
of molecular activity is necessary in order to bring the 
molecules of oxygen suifldently near to those of the 
combustible to enable the atoms to unite, and that the 
point of ignition is simply the temperature at wliieh 
the requisite molecular momentum is attained. But 
the process onco started continues of itself, for it is a 
eharacteristie of those substances we call combustible 
that, as soon as a part of the body is inflamed, the heat 
developed by the chemical union is sufficient to main- 
tain the temperature of the adjacent mass at the igni- 
tion-point. 

Passing next to the chemical process itself, nothing 
could be simpler than the change which is taldng place 
in the experiment before us. It is an example of di- 
rect synthesis. This white powder which yon see 
falling in such abundant flakes is the soHd smoke of 
tins fire. It is formed by the union of the phosphoims 
and oxygen— two atoms of phosphorus uniting with 
five of oxygen to form a molecule of this solid, which 
wo call phosphoric oxido, and whose symbol we may 
write thus, PjOj. 
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But, neither the conditions of the bni-ning nor the 
chemical change itself, although so heaiitifully illus- 
trated here, are nearly so prominent facts as the mani- 
festation of light and heat, which attends the process ; 
and these brilliant phenomena wholly engrossed the 
attention of the world until comparatively recently, and 
indeed thoy still point out what is really the most im- 
portant circumstance connected with this class of phe- 
nomena. The union of combustible bodies with oxy- 
gen is attendefi with the development of an immense 
amount of energy, which talies the form of light or 
heat, as the case may be. Moreover, it is also true that 
the amount of energy thus developed depends solely 
on the amount of combustible burnt, and not at all on 
the circumstance that the burning is rapid or slow. 
Thus, in the ease before us, the amount of heat devel- 
oped by the burning of an ounce of phosphorus is a 
perfectly definite quantity, and would not be increased 
if the combustion were made vastly more intense. So 
it is with other combustibles. The table before you 
gives the amount of energy developed by the burning 
of one pound of several of the more common combas- 

Calorijlc Power from One Pound of Each Combusiilile. 





Units or ilcat. 


«,,»„.. 




63,032 
23,613 
21,344 
14,544 
12,931 
4,0T0 


47,888,400 
18,153,550 
16,4rr,880 
11,238,000 










gnlpliur 


3,141,838 



tibles, estimated, in the first place, in our common units 
of heat, and, in the second place, in foot-pounds. But, 
although the amount of energy is thus constant, do- 
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pending solely on tlio amount of tlie eombuatible burnt, 
the brilliancy of the effect may differ immensely. A 
striking illustration of this fact I can readily show yon. 

For this purpose I will now i-epeat the last experi- 
ment, with only this difference, that, instead of bmiiing 
the phosphoras in air, I will bum the same amount as 
before in a globe filled with pure oxygen? We shnll, 
of course, expect a more violent action, because, there 
being here no niti-ogen-moleeules, there are five times 
as many molecules of oxygen in the same space. Hence, 
there are five times as many molecules of oxygen in con- 
tact with the phosphorus at onec, and five will combine 
with the phosphorus in the same time that one did be- 
fore. But, with this exception, all the other conditions 
of the two experiments are identical. We have the 
same combustible, and the same amount of it hunit. 
We have, therefore, the same amomit of energy devel- 
oped, and yet how different the effect I Phosphorus 
bums brightly even in air, but here wc have vastly 
greater brilliancy, and the intensity of the light is 
blinding. 

Wliat is the cause of the difference ? One obvious 
cxpliination will occur to all : The energy in this last 
experiment has been concentrated. Although only the 
same amoiuit of heat is produced in the two cases, yet, 
in the last, it is liberated in one fifth of tlio time, and 
tlie effect is proportionally more intense. The inten- 
sity of the effect is shown simply in two cireiimstancea : 
fii'st, a higher temperature ; and, secondly, a more brill- 
iant light. Of these, the first is fnlly accounted for in 
the explanation just suggested ; for, if five times as 
much heat is liberated in a given time, it must neces- 
sarily raise the temperature of surrounding bodies to a 
much lii^hor degree, I need not go beyond your famil- 



loy Google 



194 CHEMICAL CHANCES CLAeSIFIED. 

iar experience to establish tliia principle, although tem- 
perature is a complex eiFeet, depending, not only on the 
amount of heat liberated, but also on the nature of the 
material to he heated, and on conditions which deter- 
. mine the rapidity with which the heat is dissipated. 
But the matter of the light is not so obvious. "VVliy 
should more rapid burning be attended with more brill- 
iant light? It is eo in the present case; but is it al- 
ways BO ? We can best answer this question by a few 
experiments, which will teach us what are the condi- 
tions nndei' which energy takes the form of light ; bitt 
these cxporimenta we must reserve until the next lect- 
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OF COJIEL'STIOS. 



As onr last hour closed, we wero studying the phe- 
nomena of comhustion. I had already illustrated the 
fact that, so far as the eheraieal change was eoncenied, 
these processes were examples of arniplc synthesis, con- 
sisting in the nnion of the combustible atoms with the 
oxygen atoms of the air, and that the sole eii-cnmstauca 
which distinguished these processes from other synthet- 
ical reactions was the amount of energy developed. 
There were three points to which I dh'ccted your at- 
tention in connection with this subject : 1. Tlie con- 
dition of molecular activity, measured by the tempera- 
ture or point of ignition, which the process requires. 

2. The chemical change itself, always very simple. 

3. The amount of energy developed, and the form 
of its manifestation. This last point is the phase of 
these phenomena which absorbs the attention of bo- 
holders, and the one which we have chieily to study. I 
stated in the last lecture that the amount of energy de- 
veloped depended solely on the nature and amount of 
the combustible bnrnt, but I also showed that botli the 
intensity and the mode of manifestation of this energy 
vaiied very gi-eatly with the circumstances of the ex- 
periment. The intensity of the action we traced at 
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once to tlie rapidity of the combustion, but tlic condi- 
tions wiiieii deteniiine whetlier the energy developed 
shall take the form of heat or light we have still to m- 
veatigate, and no combustible is so well adapted &a 
hydi'ogen gas to teach iis what we seek to know. 

Here, then, wo have a biuTiing jet of hydrogen. It 
is not best for mo to describe, in this connection, either 
the process or the apparatus by which this elementaiy 
substance is made, and a constant supply maintained 
at the biu'ner, as I wish now to ask your attention, ex- 
clusively to the phenomena attending tho burning of 
the gas ; and let me point out to. you, in the first place, 
that hydrogen bums with a veiy -well-marked flame, 
Tlieflamo is so slightly himuious that I fim afraid it 
cannot be seen at the end of the hall, but I can make 
it visible by puffing into it a httle charcoal-powder. 

Now, all gases burn with a flame, and flame is sim- 
ply a mass of gas burning on its exterior surface. As 
the gas issues from the orifice of the burner, the cur- 
rent pushes aside the air, and a mass of gas i-ises from 
the jet. If' the gas is lighted — that is, i-aieed to the 
point of ignition — this mass begins to combine with 
the oxygen atoms of the air at the enrface of contact, 
and the size of the flame depends on the rapidity with 
which the gas is consumed as compared with the rapid- 
ity with which it is supplied. By regulating the sup- 
ply with a cock, as oveiy one knows, I can enlarge or 
diminish the size at will. 

The conical form of a quiet flame results from the 
circumstance that the gas, as it rises, is consumed, and 
thus the burning mass, which may have a considerable 
diameter near the orifice of the jet, rapidly shrinks to 
a point as it burns in ascending. 

But we must not spend too much time \vJth thea^ 
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details, lest wo sliould loae aiglit of the eliemical plii- 
losophy, which it is the main object of this coiu'se to 
ilhisti-ate. The chemical cliange here is even more 
simple than in the experiment with phosphorus, and 
consists solely in a direct union of the hydrogen atoms 
of the gas with the oxygen atoms of the air. Indeed, 
in another connection, we studied tlie reaction at an 
early stage in this course of lectures ; when, in order 
to illustrate the characteristic feature of chemical combi- 
nation, we exploded a mixture of llydrogea and oxygen 
gases. The reaction obtained undei- those conditions 
was identical with that here. IVe iiad not then learned 
to express the chemical change with symbols ; but now I 
may venture to write the reaction on the black-board : 
2R-Ti +00 = 2IIaO. 

nydiiigQn Goa. Oiysen Oaa. Btouoi. 

It would be VC17 easy to show yon that, as the sym- 
bols indicate, from two volumes of hydrogen, and one 
of oxygen, two volnmcs of steam are fonned ; but the 
experiment requires a great deal of time, and the re- 
sult could not readily be made visible to this audience. 
I mnst content myself with proving that water is really 
produced by the hydrogen flame. 

The apparatus we use looks complicated, but is, 
in fact, very simple (Fig. 29). By means of an aspira- 
tor the products of combustion are sucked through a, 
long glass tube, which is kept cool by a current of wa- 
ter in a jacket outside. The flame bums under the 
open and flaring mouth of the tube, and the liquid, 
which condenses, drops into a bottle at the other end. 

Toa must not expect that any considerable amount 
of water can be produced in. this way. In the imion 
of the two gasea to Hquid water, a condensation of 
i,800 times takes place, so that, in oi-dor to obtain a 



loy Google 



1Q8 TUE TDEORY OF COSIEL'STIOX 

quart of liquid water, we must barn 1,300 quarts of 
hydi'ogen gas, and take from tlie air 600 quarts of pure 
oxygen ; and this, on the scale of our experiment, 
would he a very slow process. We Iiave hero obtained 
bai'ely an ounce of liquid, although the jet has been 
burning for more than an hour. In order to show that 
the product is really water, I will apply the same test 
I used in a former experiment. We will pour the 
liquid into a Blmllow dieii, and drop upon it a bit of 
potassium, . . . The hydrogen -flame,' which at once 
bursts forth, gives the evidence we seek. 




Kq 2 -TieSjQtho 



Such, then, hemg the mturo of the chemical pro- 
cess beforo If, let me pisa on to that foituie of this 
flame which ib it once the most conspicnout- ind the 
most impoitnnt phase of the phenomenon, namely, the 
development of eneiar Heie, agim, we have become 
acquainted, with the important facts bearing on this 
question. In a previous leetm-e I told you that, in the 
burning of a pound of hydrogen, sufficient energy was 
developed to raise a weight of 47,888,400 pounds to 
the height of one foot, and these figures are includedj 
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among other data of the same kind, in the diagi'aia 
stili before yon, {See page 186.) I also endeavored to 
impress on your minds the magnitude of this energy 
by showing that, with a hydrogen-flame, a tomperatui'e 
can be obtained at which steel burns Kke tinder. In 
that esperiment, however, the energy was intensified 
to a far greater degree than in the flame we have hero; 
for, although tliie flame is very liot, it is wholly inade- 
quate to produce the effects you hsfore witnessed. The 
intensity was then gained just as in our experiment with 
phosplioriis, by burning the hydrogen in pnre oxygen, 
instead of air; and you remember the apparatus, called 
the compound blow-pipe, by which this result was ob- 
tained. 

The flame of the blow-pipe emits a pale-bluo light, 
but is eo slightly luminous that it can hardly be seen 
at any distance in this large hall, and yet, as we know, 
it is intensely hot. You have seen how steel defla- 
- grates before it, and I will now show you its effect on 
several other metals (copper, zinc, silver, and lead). 
You notice that they all burn freely, and that each im- 
parts to the flame a characteristic color, and, I may add, 
in passing, that spectrum analysis, which has aclueved 
such great results during the last few years, is based on 
these chromatic phenomena. 

But the experiments you have just seen, although 
so brilliant and instructive, have not yet given us much 
help toward the solution of the problem we proposed 
to investigate, viz., the conditions under which the en- 
ergy of combustion is manifested in the form of light. 
They have, however, helped us thus far : they have 
shown that the light cannot depend upon the rapidity of 
the combustion or the temperature of the flame alone, 
for here we have inteuse energy and a very high tem- 
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pcrature without liglit. Moreover, tliey have preseiitotl 
lis wjtli a phenomenon, which differs from that we wit- 
nessed at the e]ose of the last lecture, in the Tery point 
we are investigating : phosphorus burns in oxygen 
with a most brilliant light ; hydrogen biu'ns in oxygen 
with aeareely any light. 

Now, it is evident that the cauee of the light must 
be some circumstance of the first experiment, which 
does not exist in this, and, by comparing the two to- 
gether, we may hope to reach a definite result. At first 
sight, this comparison reveals onlj- resemblances. Both 
processes consist in the union of combustible material 
with oxygen. In the one case it is the atoms of phos- 
phorus, and in the other the atoms of hydrogen, which 
combine with the atoms of the oxygon gas. Otherwiso 
the chemical change is the same in both coses, and we 
cannot therefore refer the light to any difference in the 
process. Again, in both processes a very large amount 
of energy is developed, but, so far as there is any differ- 
ence, that difference is in favoi" of the hydrogen, which 
gives the least light. So, also, in both processes, a 
very high temperature ia attained ; but a simple calcu- 
lation will show that the temperature of the hydi'ogen- 
fiame is highei" than that of the phosphoi-us-fiame, and 
so the light cannot be an effect solely of temperatm'e. 
Can it be that the difference is due to the circumstance 
that the combustible in one case is a solid, and in the 
other a gas 1 Here, at least, is a difference, which 
gives us a starting-point in our investigation. But we 
shall not pursue the investigation far before we find 
that this difference is wholly illusoiT-. It will appear 
that phosphoras is a very volatile solid, and that it is 
wholly converted into vapor before burning ; so that, 
in fact, we are dealing in both cases with burning gas. 
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111 looking round for other differences we shall 
recognize tliat there is a marked difference in the 
products of the two processes. The product in one 
case is phosphoric oxide, and in the other ease water. 
Water is volatile, and is evolved in the state of vapor. 
Phosphoric oxide is a highly-fixed solid, and condenses 
in those snowJilie flakes which yon saw falling in the 
jar at the last lecture. Hay it not be that the circum- 
stance that the product in the one case is a solid, and 
in the other a gas, is the cause of the difference in tho 
light! In the phospliorns flame there aro solid parti- 
cles of phosphoric oxide, while in the hjdrogen-flamo 
there are no solid particles whatever. Can this be tho 
cause of tho difference i Here, at least, is another 
Gtarting- point for om- investigation. 

An obvious mode of discovering whether there is 
any value in this suggestion is to introduce non-vola- 
tiio solid matter into the blow-pipe flame, and observe 
whether the light of the flame is affected thereby. The 
temperature of the flame is so high that tiiere are but 
few solids which are sufficiently fixed for our experi- 
ment. One, however, which is admu'ably adapted for 
om- purpose, is at hand, and that is lime. In order, 
then, to answer the question that has been raised, let 
us introduce into the flame a bit of lime, or, what 
amounts to the same thing, allow the flame to play 
against a cylinder of this material. (In an instant the 
hall, is most brilliantly illuminated.) The question is 
answered, and there is no plainer answer than that 
given by a well-considered experiment. 

And here let me ask your attention to the method 
we have followed, because it illustrates, in the most 
striking manner, the method of science. AVhen wo 
wish to discover the cause of an effect observed in any 
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pheaomenoa, we begin by varying the conditions of 
the plienomenon nntil at last we find that the effect 
■varies, or perhaps even disappears. That is, we try a 
series of experiments, varying the conditions at each 
trial, iiatil at last we succeed in eliminating the effect. 
This having been done, we next compai'e the condi- 
tions under which the effect appears and those under 
which it does not. Those conditions common to both 
experiments are at once eHminated, while those which, 
are different in the two are carefully considered, and 
experiments are devised to test theii- inflneDcc on the 
effect until at last the cause is made evident. Thus 
we sought to find the cause of the light generally pro- 
duced by combustion. We began by burning different 
combustibles until we found one which gave out little 
or no light. We next compared the burning of phos- 
phorus in oxygen, which gave a very intense light, 
with the burning of hydrogen, which gave little or 
none. We found tliat the only important difference 
between the two cases was the circumstance that the 
phosphoras-flame contained particles of solid matter, 
while the hydrogen-flame contained none, and in order 
to test the effect of the difference, which the compari- 
son suggested, we placed solid matter in the hydrogen- 
flame, when the cause of the light became evident. 
This method of comparing phenomena as a means of 
discovering the cause of eifeeta which are promiiient in 
one, although common to both, is frequently called 
differentiation, and it is one of the most valuable 
methods of science. If I have succeeded in giving 
yon some idea of the method, the time we have de- 
voted to these experiments has been well spent. 

Yon will grant, I think, that we have now established 
the following points in regard to the theory of combus- 
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tion; J. Tliat the process requires a certain degree of 
moiecukr activity, measured roughly by what we call 
the point of ignition. 3. That the chemical change 
consists simply in the iiuion of the combustible with 
the oxygen of the air. 3. That these processes differ 
from other examples of synthesis chiefly in the cii'cum- 
stance that the union of the oxygen atoms with those ■ 
of our ordinary combustibles is attended with an 
extraordinary development of energy, i. That the 
amount of this energy is constant for tho same com- 
bustible, and is in each ease exactly proportional to 
the amount of fuel burnt. 5. That the intensity of 
the efieet depends on the rapidity of the combustion, 
the energy usually manifesting itself as heat, but tak- 
ing also the form of light when non-volatile solid parti- 
cles are present.' 

"Were we to limit our regards solely to the theory 
of combustion, there would be no necessity of pursu- 
ing the subject further; but additional experiments 
may be of ■value by helping you to associate these 
principles with your previous experience. To this end 
I propose to ash your attention to the bm'ning of one 
of the most familiar combustibles, viz., carbon in the 
form of charcoal, and, in oivler to hasten the process, 
we will burn the cliarcoal in oxygen gas instead of air. 
Placing, then, a few lumps of charcoal, previously ignit- 
ed, in a deflagi'ating spoon, I will introduce them into 
this large jar of oxygen gas. ... As you see, the char- 
coal burns more brilliantly than in air. But even in 
the pure gas the burning is by no means very vapid, 
and the reason is obvious. Since carbon, in all its 

' In order to give a complete view of the subject, it would beneceBsaij 
to ehow Curtlior that liquids, ancl even -japorB, under certain eonditiona, 
may become brilliant sources of light 
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forma, is non-volatile, the moleeiiies of the charcoal 
cannot leave the solid lumps. They do not, therefore, 
go half-way to meet the oxygen-molecules, but eimply 
receive those ■which are driven against the surface of 
the coals. Hence the process depends on the activity 
of the oxygen-molecules alone, and, since the number 
of these molecules which can reach the combustible in 
a given time is limited by the extent of its surface, it 
is evident that with these lumps of coal we cannot 
expect very rapid burning even in pure oxygen. If, 
however, our theory is correct, we should greatly in- 
crease the rapidity by breaking up the lumps, and tlnis 
increasing the surface of contact with the gas. Let us 
SGG if the result answers our expectations. 

Taking, then, some .finely -pulverized charcoal, 
already ignited (by heating the mass in an iron didi 
over a spirit-lamp), I will sift the red-hot powder from 
fin kon spoon into another large jai" filled with oxy- 
gen. . . . Nothing we have yet seen has exceeded the 
splendor of the chemical action which now results. 
Tiiis dazzling light is radiated by the glowing particles 
of charcoal, which, after they have become incandes- 
cent, retain their solid condition until the last atom of 
carbon is consumed, giving ys another illustration of 
the influence of this circumstance on the light : and 
let me again call your attention to the great fixity of 
carbon which the experiment also illustrates, and you 
will at once recognize the importance of this quality 
of the elementary substance in localizing our fires, as 
well as limiting their intensity, and will see that the 
use of coal as fuel wholly depends upon it. 

Tiu-n next to tlie chemical change itself. This, as 
in the other similar processes we have studied, is an 
example of simple synthesis, consisting in the union 
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of tlic carbon atoms witli oxygen. Aa to the natui'e 
of the product formed, a singlG experiment will give 
you all the inforaiation you desire. 

After removing the deflagrating spoon with the 
residue of the charcoal hnnps from the first of the 
two jars, I will ask you to notice the fact that the 
atmosplicvo within remains aa transparent as before. 
The eye can detect no evidence of change, yet all the 
chai-coal that has disappeared haa been tahen up by 
this atmosphere, and, could we readily weigh the mass 
of gas, I coviM show you that the weight had been in- 
creased by the exact weight of the coal absorbed. In- 
deed, the density has been so greatly enhanced tliat I 
can pour the gas from one vessel to another very much 
aa I would water. Let me poui- eome of it from the 
jar into a tall glass half filled already with hme-water. 
... It looks like child's-play; but the ti-ansfer has 
been made, and now, on shaking the gas and lime- 
watei" together, the liquid becomes milky. 

You at once recognize the product ; chalk has been 
formed in the lime-water, and the gas left after the 
burning ceaaed in the jar must be the same carbonic 
dioxide wo have previously studied. Vfe made the 
analysis of this aeriform substance in a previous lect- 
Tire, and we have now made the synthesis. See how 
simply we cxprcaa the reaction : 



A fact is indicated by this reaction, which wc must 
not overlook. The volume of the earhonie dioxide 
(COs) obtained is exactly equal to the volume of the 
oxygen gas (0^0) employed. In this experiment we 
used a jarful of oxygen and we obtained a jarful of 
carbonic dioxide. The material of the burnt charcoal 
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is taken np into the gas atom by atom, actually ab- 
Gorbed hj it as a sponge absorbs water. Every mole- 
cule of oxygen whicb strikes against tbe cbareoal flies 
off with an atom of carbon, forming witli it tbe mole- 
cule of carbonic dioxide wliich, of conrae, occupies the 
Bame space as the previoua molecule of oxygen gas. 
Ilcnee it is that the vast amount of cai'bon wliieh is 
being constantly absorbed by the atmosphere, as it 
passes through our grates and fm'naces, does not alter 
its volume. "Would that I might impress this re- 
markable fact on yonr imagination! Consider how 
much coal is being burnt eveiy day in a city like this — 
hundreds and hundreds of tons ! Conceive of what a 
mass it would make, more than filling this large hall 
from floor to ceiling, and yet in our city alone this 
enormous black mass ie in twenty-four hours absorbed 
by tbe transpai'ent air, picked up and earned away 
bodily, atom by atom, by tlie oxygen-molecules. 

Turn now to the energy developed in this process. 
Our diagi-am indicates that the amount of energy de- 
veloped by the buiming of a pound of coal is very 
much less than that obtained with a pound of hydro; 
gen. But then it must be remembered how attenuated 
hydrogen gas is ; if, instead of comparing equal weights, 
we compare equal vohnnes, we shall find that the difl!er- 
ence is vastly in favor of carbon. 

Most of the combustible materials, however, which 
we use as fuel, consist of both hydrogen and carbon ; 
but the phenomena we have studied in tbe burning of 
the elementary substances reappear with these familiar 
combustibles, and, in regard to them, there are only a 
few special points to be noticed. On many of these 
substances, such as naphtha, paraffine, stearine, wax, oil, 
and the like, the effect of the heat is to generate illu' 
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minating gas, ■which ia the souree of most of our arti- 
ficial, light. In our cities and large towns the gas is 
made for 113 by a special process, but it must be remem- 
bered that every lamp and candle is a small gas-fac- 
lory. Flame is always burning gas, and the gas 
v.-hieh we burn in our lamps and candles is very similar 
to that supplied by the Boston Gas Company : the only 
difference is that the gas, instead of being made from 
bituminous coal, is made from petroleum or wax, and, 
instead of being made at the "North End" and dis- 
tributed through pipes to distant burners, is bunit as 
fast as' it is made. The heat generated by the burning 
gas is 60 great that it volatilizes the oil or wax fast 
enough to supply the flame, and then the mechanism 
of the wick comes into play to keep the-parts of these 
iiatnral gas machines in perfect running order. In- 
deed, a common candle, simple as it appears to be, is 
a most wonderful apparatus, and I should be glad to 
occupy the whole hour in explaining the adaptation of 
its parts ; but I have only time for a few illustrations, 
■which show that in these luminous flames, as in the 
other cases of combustion we have studied, the light 
comes from uieandeseent solid particles. 

Of the two eonstitnente of the combustible gas 
which forms the flame, hydrogen is the most combusti- 
ble, and midor oi'dinary conditions is the first to bui-n, 
setting free, for a moment, the accompanying carbon in 
the form of a fine soot whidi fills the light-giving cone. 
This dust is at once intensely heated, and each glowing 
particle becomes a centra of radiation, throwing out its 
luminous pulsations in eveiy direction. The sparks 
last, however, bnt an instant, for the next moment the 
charcoal is itself consumed by tlie fierce oxygen, now 
ai'oused to full activity, and only a transparent gas rises 
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from the flame. But the same process continues ; otlicr 
particles Buecced, which become ignited in their turn, 
and hence, although the sparlie are evanescent, the iiglit 
Ib continuous. 

I might illustrate this theory by the familiar fact that 
soot 19 at once emitted from all these luminous flames, 
whenever the draft becomes so far intermpted that it 
does not supply sufficient oxj'gen to bum completely 
the carbon particles ; but a still more striking illustration 
is furnished by the simple contrivance we employ in the 
laboratory for preventing the deposition of this soot on 
the heating surfaces of our chemical vessels. We use 
for this purpose a gas-biirnev invented by Prof. Eunsen, 
of Heidelberg, and known by his name, in which air is 
inised with the hydrocarbon gas before it is burnt. 
But this air, while it prevents the formation of eoot, 
at the same time destroys the illuminatmg power of the 
flame. The molecules ot the hydrocai'bon gas being 
now in near proximity to the molecules of oxygen re- 
c^uired for complete combnstion, the difterenee of af- 
finity of oxygen for the carbon and hydrogen atoms 
does not come into play. There is enough oxygen for 
all, and the result is that no carbon-particles are set 
free in the flame. We have no soot, and therefore no 
light. 

In tliia Bunsen lamp the size of the apertures, by 
which the air enters at the base of the burner, may be 
regulated by a valve, and you notice that on closing 
this valve the flame at once becomes luminous. Open 
it again so that the gas shall mix with air before burn- 
ing, and the energy no longer takes the form of light. 
See, nevertheless, how brightly the flame ignites this 
coil of platinum wire, showing that there is no want 
of energy, only it now appears wholly as heat. 
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The flamo of a wood or eoft-coal fire is also a gas- 
flame. The first efl'ect of heat on tliese bodies is to 
generate illuuiinating gas, and to tliia circumstance, as 
in tlie case of tlie candle, the flame is due, but after a 
while all the hydrogen is diiven ofi", and we have then, 
in the glowing embers, the fiameless eombnstio]i of 
carbon. 

The chemical cliange which takes place in the burn- 
ing of hydrocarbon fuels is in no way affected by the 
circumstance that the hydrogen and carbon are in 
ehemieal union. All the hydrogen- atoms bum to 
water, and all the carbon-atoms to carbonic dioxide, 
and these products can be detected in, the smohc of 
every flame ; indeed, with a few nnimpoi'tant excep- 
tions, they are the sole products of the combustion. 

Take, for example, this candle-flame. On holding 
over it a cold bell-glass the glass soon becomes be- 
dewed, and, before long, drops of water begin to trickle 
down the sides ; and now, on inverting the bell, and 
shaking up in it some lime-water, the milky appear- 
ance, which the clear solution immediately aesumcs, 
indicates the presence of carbonic dioxide. 

Of course, all the material of the candle passes into 
these colorless and insensible aeriform products which 
mingle with tho atmosphere, and this absoi-ption of 
combustible material into the atmosphere, this melting 
of firm, solid masses of eoal and wood into thin air, has 
such an appearance of annihilation that it requires all 
the power of the reason, aided by experiment, to cor- 
rect tho false impression of the senses. Yet nothing 
is easier than to show that the smoke, colorless and 
insensible as it is, weighs more than the material 
burat, and, although the experiment must be familiar 
to many of my audience, I will repeat it, because it 
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may aid some to clearer views of tiiis all-important 
stibjcct. 

Let mc call jour attention, then, to this candle 
which, in a candlestick of peculiar construction, is 
han^ng eqrapoi'^ed fiom one end of the 
beam of this balmco (Tig. 30). You 
1 now that both ic[neous vapor and car- 
' bonie dioxide ^le eigeily absorbed by 
c tnHtio Bodi, and this ipp\ratus is so ar- 
t d thit the smoLe of the candle is 
1 1 ed tluou_,h two ^libs tubes filled 
with thib absorbent material. You no- 
tice that mj baKnce is m ec[nilibriura, 
and I wdl now light the candle nnder its 
Fa 30 t^n chimney The pioc'ucts of the com- 

bustion rise to the top of the chimney, 
which is closed excepting two small aperiiu'es, through 
which the smoke is suched into the glass tubes contain- 
ing the caustic eoda. Now you must picture to your- 
selves the molecules of oxygen of our atmosphere rushing 
in on this candle-fiame from every side, eadi one seizing 
its atom of carbon, or its four atoms of hydrogen, as the 
case may be. You must, then, follow the moleeiiles of 
carbonic dioxide and water thus formed, as they are 
caught up by the cmTent of air — which our aspirator 
draws through the apparatus — and hun'ied mto the 
glass tubes, where tlioy are seized npon and held fast 
by the caustic soda. All the smoke of the candle being 
thus retained, it is evident that, if the process is as I 
have described it, wo should expect that the apparatus 
would increase in weight as the candle bums, while, on 
the other hand, were any part of the material lost, there 
would be a corresponding diminution in weight. And 
we not only find tliat the weight increases, as the bal- 
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ance shows, but tlmt the increase is exactly equal to 
the amount of oxjgen consumed. Not only none of 
the material of the candle escapes from the apparatus, 
but a poi"tion of the oxygen of the air is also retained, 
and that causes the increase of weight. . 

In connection with this experiment, I must not fail 
to call your attention to the circumstance that the prod- 
ucts of this combustion are as harmless as they are im- 
perceptible to the senses. Eemember that thousands 
of tons of carbonic dioxide and aqueous vapor are dis- 
charged into the air of this city in a single day. Eemem- 
ber, alsoj what a howl of remonstrance goes up if, from 
Gome manufactory, a few poimds of similar but noisome 
products escape, and yon cannot fiiil to recognize the 
importance of this fact in the economy of Nature. 
Add to this what you already know, that the smoke of 
our fires and the exhalations of our hmgs is the food 
of the plant — that the whole vegetable world is con- 
stantly absorbing carhonic dioxide, and giving back the 
oxygen to the atmosphere while storing np the regen- 
erated carbon in its tissues, and you will be still further 
impressed by the wonderfid revelations we are study- 
ing. 

Nor must we, in this connection, fail to notice again 
tJie enormous amount of energy which the burning of 
our common forms of fuel liberates. The table is still 
before yon which shows how great is the amount of 
energy which can be obtained by the bm'ning of a sin- 
gle pound either of hydrogen gas or of charcoal, and 
the relations of these elementary substances in this re- 
spect are not in the least altered by their association in 
common wood or coal. In round numbers, it may be 
said that a cubic foot of cannel coal contains sufBcient 
energy, if wholly utilized, to raise a weight of S,2CiQ 
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tons one Imndi-ed feet, or 732,000,000 pounds one foot. 
I said, if wliollj utilized, for, although we are able to 
make use of the whole energy in the form of heat, we 
have not yet eiieceeded in applying more than about 
one-twentieth of it to mechanical work. But still the 
energy exista stored up for use in eveiy foot of wood or 
coal, and is ready to be set free when the fuel is hurnt. 
When standing before a gi-and conflagration, wit- 
nessing the display of mighty energies there in action, 
and seeing tlic elements rushing into combination with 
a force which no human energy can withstand, does it 
seem as if any power conld undo that work of destruc- 
tion, and rebuild those beams and rafters which are 
melting into air ? Yet, in a few years thay will be re- 
built. This mighty force will be overcome ; not, how- 
ever, as we might expect, amid the convulsions of Na- 
ture or the clashing of the elements, but silently in a 
delicate leaf waving in the sunshine. As I have al- 
ready explained, the sun's rays are the Ithxu'iel wand, 
which exerts the mighty power, and wnder the direction 
of tliat unerring Architect, whom all true science rec- 
ognizes, the woody stracture will be rebuilt, and fresli 
energy stored away to be used or wasted in some future 



My friends, this is no theory, but sober, well-estab- 
lished fact. How the energy conies and how it is stored 
away, wo attempt to explain by our thooriea. Let these 
pass. They may be time, they may be mere fancies ; 
bat, that the energy comes, that it is stored away, and 
that it does reappear, are as much facts as any phe- 
nomena whieli the sun's rays illuminate. I know of no 
facts in the whole realm of !Naturc more wondoifiil 
than these, and I return to them in the annual round 
of my instnietion with increasing wonder and admira- 
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tion, amaaed at tlie apparent inefiicieiicy of tho means, 
and the stnpendoxis magnitude of the result. In an- 
other course of lectures in this place I endeavored to 
show what weighty evidence these facts give in support 
of the argument that all the details have been arranged 
by an intelligent Designer.' The plan of this course 
does not give me time to do more than allude to this 
point, and I only refer to it here to ask for the argu- 
ment your own careful consideration. 

Tliere is still another point, in connection with tliis 
subject, to which also I can only barely allude. The 
crust of our globe consists almost whoUy of burnt ma- 
terial. Our granite, sandstone, and limestone rocks, 
are the cinders of tho great primeval fire, and the at- 
mosphere of oxygen the residue left after the general 
conflagration — left because there was nothing more to 
bum. "Whatever of combustible material, wood, coal, 
or metal, now exists on the surface of the earth, has 
been recovered from the wreck of the first conflagi'ation 
by the action of the smi's rays. One-half of all known 
matenal consists of oxygen, and, on the surface of tlio 
globe, combination with oxygen is the only state of 
rest. In the process of vegetable growth, the sun's 
rays have the power of freeing from this combination 
hydrogen and carbon atoms, and from these are formed 
tho numberless substances of which both the vegetable 
and animal organisms consist. From the material of 
these organisms we make charcoal, and Nature makes 
her coal-beds, and supplies her petroleiim-wells^ More- 
over, with these same materials, man has been able to 
separate the useful metals from their ores, and, by the aid 

' " Religion and Cheiiiistrj ; or. Proofs of God's Plan in the Atmoa- 
pliere and its ElementB," ten lectures by Josiali P. Coolic, Jr , piiblislieil 
by ChnrleB Scribacr, Now York, 1864. 
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of various elicmical processes, to isolate the other Die- 
m en taiy substances from their native compoimcls; bnt 
the efficiency of all these processes depends on em- 
ploying tlie energy which the sun's rays impart to the 
carbon and hydrogen atoms to do work. A careful 
analysis of the conditions will show that it is just as 
tiTily the sun's energy which parts the iron from its 
combination in the ore, as it is solar power which parts 
the carbon from the carbonic dioxide in the leaf. We 
have here, however, but a single example of a general 
truth. AH terrestrial energy comes from the sun, and 
every manifestation of power on the earth can bo 
traced directly back to his energizing and life-giving 
rays. The force ivith which oxygen tends to unite with 
the other elements may be regarded as a spring, which 
the sun's rays have the power to bend. In bending 
thia spring they do a certain amount of work, and, 
when, in the process of combustion, the spring flies 
back, tlie energy reappears. Moreover, the instability 
of all organized forms is but a phase of the same action, 
and the various processes of decay, with the accompa- 
nying phenomenon of death, are simply the recoiling 
of the same bent spring. Amid all these varied phe- 
nomena, the one element which reappears in all, and 
frequently wholly engrosses our attention, is energy; 
and, if I have succeeded in fixing your attention on this 
point, my great object in thia lecture has been gained. 
In the early part of this course, I stated that all modern 
chemistry rests on the great tnith that IMattee is nmE- 

STEUCTOBLE, AHD IS MEAStTEED BT IVEIGHT. This evening 

we have seen glimpses of another great central truth, 
which, although more i-ecently discovered, is not less 
far-reaching or important, namely, Enekgt is inde- 

STRUCTUJLE, AND IS MEASTJEED EY WOKK. Add to thcSC 



loy Google 



TOE THREE PHASES OF NATURE. 215 

two a third, namely — Intelligence js iNDEBTEiiCTiBLE, 
AMD 13 jiEAsmtED BT ADAFTATioK^and yoii have, as it 
seems to me, the three gi-eat manifestations of Na- 
ture : Mattee, Eneegt, and Intelligence. These great 
truths explain and supplement each other. Give to 
each its due weight m yonr philosophy, and yon will 
avoid the extremes of ideaUsm on the one side, and of 
materialism on the other, 

Nora. — The doctrine thai energy ia indestructible is linowD in physics 
BE the trniservttUim of enerffg, and it would give greater prominence to the 
corresponding doctrine — that matter is indestruoUble — if it were called 
the ixmsemaiSon of mass. The ree<^ltioQ of this last truth by LaToiaiev 
haa already been indicated, aad ils impoitant influence on the history of 
chemical philosophy has been discussed ; but the student is not likely to 
iippre<9ste its full ^gniflcnnce unless ho dwells upon it^ and a compre- 
heneiTe view of the subject will probaMy be best gained by brm^ng tho 
chemical chains, in which the truth can only be verified by careflil in- 
vestigation, into comparison with those fomiliar mechaiucal processea in 
which it is perfectly ohvioua. That there is no annihikition of material in 
the convecMon of water into oijgen and hydr(^en gases is a phase of the 
same tnjth, which wo accept as self-evident in the common mechanical 
operations of the aria. Just as gold coins contain the metal from which 
they were struck, so the oxygen and hydrogen gaaea contain the material 
of the water from which they were made, and, if the stndent fuUy grasps 
the truth wMoh this statement involvea he will, in the fii'St place, perceive 
that mass may be an attribute of matter underlying those accidents in 
wMch substances differ; and, in Sua soooud place, ha will sea that the as- 
siuaption of immutable atoms is aiL obvious esplanation of the C' 

10 
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LECTURE X. 

GUNPOWDEK AND KITKO-GLYCBKINE. 

Theee is one farther point in connection with the 
theory of combustion to which I wish to call your at- 
tention, at the outset of my lecture this evening. In 
the only eases of burning we have studied, the combus- 
tible unites with the oxygen of the atmosphere. It is 
possible, however, to have combustion without atmos- 
pheric air, the combustible obtaining the required 
oxygen from some associated substance. There are 
several substances in which a large amount of o.xygen 
is so loosely combined, or, in other words, in which the 
oxygen-atoms are held in combination by such a fee- 
ble force, that they will furnish oxygen to tlie combus- 
tible as readily as the atmosphere, and in a vastly more 
concentrated form. Two of the?e substances are well 
linown, nitre (potassic nitrate) and chlorate of potash 
{potassic chlorate). One ounr>e of this last salt— the 
quantity in this small aTicible — contains enough oxygen 
to fill a large jar (1.7 gallon), and by simply heating 
the salt we should obtain that amount of oxygen gas. 
We have provided also one-third of an ounce of pul- 
verized sugar, and wo will now mix tlie two powdei's 
thoroughly together. Consider the conditions in this 
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mixture : The sugar is a combustible substance, and 
every particle of this combustible is in contact with, or, 
I ehould rathei- say, in close proximity to, grains of 
chlorate of potassa, which contain sufficient oxygen to 
bum the whole. All is now quiescent, because both 
materials, being in the solid condition, their molecules 
are, as it were, imprisoned, and a certaiii degree of mo- 
lecular activity is required to produce chemical change. 
This molecular activity we can readily excite by heat, 
but a more convenient, although l^s intelligible way, 
is to touch the mixture with a drop of sulphuric acid. 

Here we have not merely a pretty firework, but an 
experiinent which illustiiites a very important phase of 
the phenomena of combustion, and one of immense 
practical value. I have chosen this particular example 
because you are familiar with both of the materials 
employed. Ton have seen that sugar contains a large 
amount of combustible carbon. You also know that 
potassic chlorate contains a large volimic of oxygen, 
wliich can readily be driven off by heat ; for you have 
seen me make oxygen from this very salt. You can, 
therefore, fuUy appreciate the conditions we had in onr 
crucible at the beginning of the experiment, namely, a 
combustible with the oxygen required to bm'n it in close 
pi'oximity. You will be prepared, then, to understand — 
1 . That the burning we have just witnessed does not dif- 
fer fi-om ordinary burning, except in the single point I 
havementioned ; that the combustible derive its oxygen 
from potassic chlorate, instead of from the air ; and, 2. 
that it is possible to inclose in a confined space, as a 
gun-baxi'el or a bomb, all the conditions of combustion. 
In a word this experiment illustrates the simple tbeoiy 
of gimpowder. 

Wliat, then, is gunpowder? Essentially a mixture 
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of two substances — saltpetre and charcoal, witli merely 
a small amount of snlpliur added to facilitate tlie kin- 
dling of the eliarcoal. In the mannfacture of this 
explosive agent, as is well Icnown, the materials are 
first reduced to a very fine powder, and then inti- 
mately mixed together. Afterwai'd, by great pressure, 
the mass is compacted to a firm, hard cake, which is 
enbsequently broken up into grains of different sizes, 
adapted to vai-ioua uses. Here we have some samples 
of these grains, varying from the size of a walnut to 
that of a millet-eeed. These black grains, although 
they appear so homogeneous, are, in fact, a very inti- 
mate mixture of a combustible material (charcoal and 
a little sulphiir) with a substance rich in oxygen (salt- 
petre), and, when we ignite the powder, the charcoal 
burns at the expense of the oxygen of the saltpetre. 
Two parallel experiments will make the whole matter 
clear. 

In this jar we have about one gallon (100 grains) 
of pure oxygen, enough to combine with 37J grains of 
charcoal. This quantity of charcoal we will place in a 
copper spoon, and, having ignited the coal, we will 
plunge it into the jar of oxygen. We have at once a 
brilliant combustion, and a repetition of the experi- 
ment which you witnessed at the last Icetm-e. We 
then learned that the process consists in the union of 
the oxygen with the carbon, and that each molecule of 
oxygen gas actually picks up an atom of carbon to form 
a molecule of carbonic dioxide. There are, therefore, 
just as many molecules in the jar at the close of the ex- 
periment as at the fli«t, only they now consist of 
three atoms, instead of two ; 0=0 has become 0=C=0. 

In the second jar is a cup containing a small quan- 
tity of gunpowder, and so arranged that the powder 



loy Google 



WIIEN BUENT, RESOLVED INTO GAS. 219 

can be exploded by a voltaic battery. As the oxygen- 
atoms requked for tbe burning are lying in tlie cup 
side by side with the charcoal, we do not need the air 
in onr experiment. Accordingly, we have connected 
the jar with an air-pump, so that we can exhaust the 
air. . . . The gauge of, the pump now indicates that 
the greater pai't of the air has been removed. K'otice 
farther that, when we readmit a little air, the mercury 
column falls, and thus, as you see, this gauge will tell 
ns when any gas enters the jar. . . . Having again 
completed, the exhaustion, let us fii-e the powder. . . . 
The powder has disappeared ; but the ga.uge indicates 
that a large volume of gas haa been formed. 

A simple test will now show that the aeriform prod- 
ucts in the two last experiments are identical. Here are 
two glasses, each filled with lime-water. To one we will 
add Bome of the gas from the first Jar, pouring it in 
upon the lime-water, and to the other we will add 
some of the gas from the gunpowder, by pouring as 
before. On shaking the gas and liquid together, we 
obtain in both cases the familiar milky tm-biduess 
which indicates the presence of carbonic dioxide. It is 
time that the carbonic dioxide from the gunpowder is 
not quite so pure as that found in the other jar, but 
tliis is an unessential matter. 

Having seen that gimpowder, burnt in a vacuum, 
is quietly resol7ed into gas, we will next take an equal 
amount of powder and inclose it in a pasteboard case, 
which we call a cartridge, using the same arrangement 
for firing the powder as before. We make the connec- 
tion, and off it goes! . . . There can be no occasion, 
I think, to seek far for the cause of the explosion. The 
chemical process must have been identical with that in 
our jar ; hut, while in the jar there was room for all the 
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gas-molecules formed in the burning, the small volumo 
of the cartridge could not hold them, and thej hnrst out, 
teai'ing away the paper walls in- their course. The gaa 
evolved would occupy, at the ordinaiy pressure of the 
air, about three hundred times the volume of the pow- 
der used, and, if confined in the space previously filled 
with the powder, would exei^t a pressure equal to about 
300 X 14 = 4,200 lbs., or two tons, on a square- inch. The 
pressure obtained is really far greater than this, on ac- 
count of the heat developed by the combustion. More- 
over, ae the powder bums rapidly, this pressiu'e ia sud- 
denly applied, and has all the effect of an immensely 
heavy blow, which no strength of materials is sufficient 
to ■withstand. Of course, any chamber in which the 
powder is confined gives way at the weakest point. 
In the chamber of a gun the ball usually yields before 
the breech, and is hurled with violence from tlie moutli 
of the piece ; but fearful accidents not unfrequently 
occur when, for any reason, the ball has been too tightly 
wedged, or when the metal of the breech is too weak. 

You all know that a large amount of gas condensed 
into a small chamber must exert great pressure, and 
therefore you will undoubtedly regard the explanation 
I have given of the force exerted by gunpowder as 
satisfactory and sufficient. But, although this is the 
usual way of presenting the phenomena, I am anxi- 
ous that yoa should view them in the light of our 
modem molecular theory, -which gives to the imagi- 
nation a far more vivid pictm'e of the manner in which 
the power acts. 

Begin witli the black grains as they lie in the cham- 
ber of the gun behind the ball. You must remember 
that all the ingredients of the powder are in a solid 
condition, and pictiu'e to your imagination the mole- 
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ciilca aa held in their places by those forces which I 
attempted to malte evident to you in a former lecture, 
incapable of any motion except a slight oscillation 
abont the cenfci-es of force. The gun is now fii'ed, and 
the powder burns. We need consider but two of the 
immediate consequences : first, there is a large volume 
of gas formed; and, secondly, there is a very gi'eat 
amount of energy developed. Pictm'e to jonreelves, 
now, an immense number of gas -molecides suddenly 
set free in the eliamber of the gun, and animated with 
all the velocity which great energy is capable of im- 
parting. See these molecules rushing against the ball 
with their whole might, and, when at last it starts, im- 
parting to the projectile their moving power, until it 
acquires the fearful velocity with, which it i-uslies from 
the mouth of the gun. The molecules impart their 
motion to the ball, just as one billiard-ball impairs mo- 
tion to another. The effect is due to the accumulation 
of small impulses ; for, although the power imparted 
by a siuglo molecule may be as nothing, the accumu- 
lated effect of millions on milliona of these impulses 
is immense. 



■ Within a few years our community have become 
familiar witli the name and terrible effects of a new ex- 
plosive agent, called nitro-glycerine, and I feel sure that 
yon will be glad to be made acquainted with the re- 
markable qualities and relations of this truly wonderful 
substance. Every one knows that clear, oily, and swcet- 
. tasting liquid called glycenne, and probably most of 
you have eat«n it for honey. But it has a great many 
valuable uses, which may reconcile you to its abuse for 
adulteratmg honey, and it is obtained in large quanti- 
ties as a secondary product of the manufacture of soap 
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and eandlis from our common fats. IToWj nitro-glyeer- 
iae bears the same relation to glycerine that ealtpetro 
bears to canstie potash. Common ealtpetro, whicli is 
the oxygenated ingi-edient of gunpowder, is called in 
chemistry potassic nitrate, and, although the com- 
mercial supply comes wholly from natural sources, 
it can easily be made by the action of nitric acid on 
caustic potash. My assistant will poor some nitric acid 
into a solution of caustic potash, and you will soon see 
crystals of saltpetre appear, shooting out fi-om the sides 
of the dish, whose image we have projected on the 
screen. In a similar way we can prepare nitro-glyce- 
rine by poming glycerine in a fine stream into very 
strong nitric acid, rendered more active by being mixed 
with eulphiirie acid — oil of vitriol. 

We could easily make the experiment, but you could 
see nothing. There is no apparent change, and it is a 
remarliable fact that, when pure, nitro-glycerine re- 
sembles, externally, very closely glycerine itself, and, 
like it, is a colorless, oily fluid — the reddish-yellow color 
of the commercial article being due to impurities. As 
soon as the chemical change is ended, the nitro-glycer- 
ine must be very carefully washed with water, until all 
adhering acid has been removed. The material thus 
obtained has most singular qualities, and not tlie least 
unexpected of these is its stability under ordinaiy con- 
ditions. After the temble accidents that have hap- 
pened, it would, perhaps, be rash to say that it did not 
readily explode ; but I can assure you that it is not an 
easy matter to explode pure nitro-glycerine. It is not 
nearly so explosive as gunpowder, and I am told that 
the flame of an ordinary match can be quenched in it 
without danger, although I confess that I should be un- 
willing to try the experiment. Still, there can be no 
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cloutt that, under ordinary circnmatancea; a sniiill flame 
■will not ignite it. My knowledge of the matter is de- 
rived from Professor Hill, of the Torpedo Station at 
I^ewport, who has studied very carefully the prepai'atiou 
find application of the material- He is of opinioa that 
most of the accidents which have given to nitro-glycer- 
ine such an unfortunate notoriety have heen caused by 
the use of an impure article, and that proper care in its 
preparation would greatly le^en the danger attending 
its use. Nitro-glycerino is nsnally exploded, not by 
the direct application of heat, but by a sudden and vio- 
lent concussion, which is obtained by firing in contact 
with it a ftiSQ of some fulminating powder. The ef- 
fects of this explosion are as pceiiliar as the method by 
which it is obtained, and I can beat illustrate the sub- 
ject by describing an espeiimcnt with nitro-glycerine 
which I -ndtncsBod myself at the Toi-pedo Station a few 
monthe sines. 

It is BO inconvenient to handle lic[aid nitro-glycerine 
that it is now usual to mix it with some inert and im- 
palpable powder, and the names dualine and dynamite 
have been given to different mixtures of this kind ; but 
in both of these the powder merely acts as a sponge. 
In the experiment referred to, a canister holding less 
than a. pound of dynamite, and only a few ounces of 
niti'o-glycerine, was placed on the top of a large bowl- 
der-rock, weighing two or three tons. In order that 
you may fully appreciate the conditions, I repeat that 
tliia tin case was simply laid on the top of the bowlder, 
and not confined in any way. The nitro-glycerine was 
then exploded by an appropriate fuse fired from a dis- 
tance by electricity. The report was not louder than 
from a heavy gun, but the rock on which the canister 
lay was broken into a thousand fragments. 
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This experiment stiikingly illuetrates tlie peculiai" 
action of nitro - glycerine. In using gunpowder for 
blasting it ifl necessaiy to confine it, by what is called 
tamping, in the hole prepared for it in the rock. !Not 
so with nitro-glyeerine. This, though it may he put 
np in small tin cai-tridgee for convenience, is placed in 
the di'ill-holes without tamping of any hind. Some- 
times the liquid itself has been poured into the hole, 
and then a littlo water poured on the top is the only 
means used to confine it. As an agent for blasting, 
nitro-glycerine is so vastly superior to gunpowder that 
it must be regarded as one of the most valuable dis- 
coveries of our age. Already it is enabling men to 
open tracks for their iron roads through nioimtain- 
baniers which, a few years ago, it would have been 
thought impracticable to pierce, and, although its intro- 
duction has heen attended with such ten'ible accidents, 
those best acqnainted with the material believe that, 
with proper care in its mantifacture, and proper precau- 
tions in its use, it can be made as Siife as or even safer 
than gunpowder, and the Government can do no bet- 
ter service toward developing the resources of the coun- 
try than by carrying fonvard the experiments it has 
instituted at the Toi-pedo Station at Newport, until all 
the conditions required for the safe manufacture and 
use of this valuable agent are known, and, when this 
result is reached, iniposing on tho manufacturers, deal- 
era, and carriers, such restrictions as the public safety 
requii'es. Of course, we cannot expect, thus, to prevent 
all accidents. Great power in the hands of ignorant 
or careless men implies great danger. Sleepless vigi- 
lance is the condition under which we wield all the 
great powers of modern civiliaation, and we cannot 
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expect that the power of nitro-glycerme will be any ex- 
ception to the general rule.' 

But, while nitro-glycerme has such great rending 
power, it has no value whatever aa a projectile agent. 
Exploded in the chamber of a gun, it would burst the' 
breech before it started the ball. Indeed, there is a 
great popular misapprehension in regard to the limit 
of the projectile power of gunpowder, and inventors 
are constantly looking for more powerful projectile 
agents as the means of obtaining increased effects. 
But a study of the mechanical conditions of projec- 
tion will show not only that gunpowdei' is most admi- 
rably adapted to this use, but also that its capabilities 
far exceed the strength of any Imown material, and the 
student will soon be convinced that what is wanted is 
not stronger powder, but sti'onger guns. I do not 
mean to say that we cannot conceive of a bettor pow- 
der tlian that now in use, but merely tliat its short- 
coming is not want of strength. 

Having described the properties of nitro-glycerine, 
the question at once arises, " Can these singular proper- 
tics be explained ? " In order to answer this question 
I shall next ask yom- attention to the theory of its ac- 
tion, and I think you will find that om- modem chem- 
istry is able to give a very intelligible account of the 
phenomena we have described. I will begin by saying 
that the chemical action in the explosion of nitro-gly- 
cerine is very similar to tliat in the burning of gun- 
powder. In both cases wo have the same two results: 
1. The production of a large volume of gas; 2. The 

'The rooont improvements in tlie mnniifnoture of gun-cotton, and tiie 
discovery that, oven irhen coo wet to burn, it can be exploded by con- 
cussion if the fuse is suffloiently powerful, promise to furnish an eiplo- 
BiTO agent nearly equal to liitro-giycerme in strength, and free frnm iill 
ordinary risks. 
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liberation of a large amount of energy whieb gives to 
tlie confined gaa-niolecules an immense moving power. 
Moreover, essentially tlie same aeriform products are 
formed in the two cases, and in both the process con- 
sists, for the most part, in the union of carbon and 
hydrogen atoms with oxygen. But, while in the gun- 
powder the carbon and oxygen atoms ai'e in different 
molecules, although lying side by side in the same 
grains, in the nitro-glycerine they are in different parts 
of the same molecule. And here comes our fii-st 
glimpse of the most recondite cliemical principle tlie 
science has yet attained, one which I have been aiming 
to reach throughout this whole course of lectures, and 
one which it will be my object in the three remaining 
lectures clearly to set before you. I can, as yet, only 
state the principle as a theorem to be proved ; but, if I 
can succeed in making this difficult subject dear, I feel 
confident that you will regard the proof as satisfactory. 
The principle is this : 

Every molecule has a definite structure. It not 
only consists of a definite kind and a definite number 
of atoms, but these atoms are arranged or grouped 
together in a definite order, and it is the gi'eat object 
of modem chemistry to discover what that grouping 
is. Almost all tbe great chemists of the world are, at 
this moment, engaged in investigating this very prob- 
lem, and, what is more, they have succeeded, in many 
cases, in solving it, and we have reached as much cer- 
tainty in regard to the grouping of the atoms in the 
molecules of a very large number of substances, as we 
have in regard to any phenomena so wholly super-sen- 
sible. For example, we feel well assured that we know 
how the atoms are grouped in the molecule of nitro- 
d the diagi'am before you represents in 
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H 

ii_o_o~N=o n n n o 

K_0-0-H-<0 H-0-C-O-C-O-N 

]i-o-o-H"=o o li o ii o 

H O 0-N=0 

ofNilm-glyMriiLQ. ' Symliol. 

our rude way the result we Imve reached. The let- 
ters signify single atoms, and the lines between the 
letters merely show how the atoms are severally 
tmited. Begin with the three atoms of carbon, which 
are united together, say, hy a certain force, which the 
lines denote. To these are directly united five atoms 
of hydrogen, and then to each of the carbon-atoms is 
also bound the atomic gi'onp —O-N^q, the four atoms 
of the group having a definite arrangement among 
themselves. There is no vii'tue in the mere form of 
the an-angem'ent of the letters on the diagram. It is 
perfectly possible that the atoms may he arranged so 
as to foim regular geometrical figures, sueh as some 
theorists have amused themselves in constructing ; but 
we do not pretend to have any accurate knowledge on 
this point. All we affirm is, that the atoms are united, 
one with another, in the order I have indicated, and 
the second diagram, in which the several atoms are 
united as before, although the form of the aii-angement 
is different, means, to the elicmist, precisely the same 
thing ae the first. 

Now, as I said, I present to you this diagram of the 
constitution of a molecule of nitro-glyeerine simply as 
a theorem to be proved. As it hangs before yon, I 
have no doubt that it will shake your faith in the credi- 
bility of the scientific iuvestigatoi-s who bring forward 
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tliia as the sober conokision at which they have ar- 
rived. Indeed; when I first saw these attempts to 
represent the grouping of atoms, they appeared to me 
to be the vagaries of a diseased scientific imagination ; 
for, remember, this molecule, whose structure is here 
portrayed, cannot bo larger than the s-s.-jf^.-oTu of an 
inch. But, as the evidence pressed upon me, I re- 
luctantly examined it. Finding that it could not be 
gainsaid, I was forced to accept the conclusion, and soon 
I found myself busy at the same work. Wow, I only 
ask you to accept this diagram as a theorem to be 
proved, and, assuming it; for the time to represent, 
although very rudely, a real tmth, see how fully it ex- 
plains the properties of nitro-glyeerine. Indeed, the 
facts already before ua .fLTrnish the strongest evidence 
possible of the general tnith of the principle I have 
asked you to assume ; for, if you accept the principles I 
have previously endeavored to establish, and once ad- 
mit that there are such tilings as molecules and atoms, 
the properties of nitro-glyeerine will force you to admit 
that its molecules have a definite structure. See how 
the c^e stands, 

N^itro-glycerine has been analyzed, and, unless the 
principles of our modern cliemistry are all wrong, its 
molecules have the composition indicated by tlie sym- 
bol CgHsT^gOg. Note that there are already in the mole- 
cule nine atoms of oxygen, more than enough to satisfy 
all the atoms, both of carbon and of hydrogen. When 
carbon bums, O3 only takes 0^ Hj only Ojj, and why is 
not the afSnity of these atoms for oxygen satisfied al- 
ready ? The only answer that can be suggested is, he- 
cause the oxygen-atoms, although parts of the same 
molecule, are not in combination with the carbon or 
hydrogen atoms in those molecules ; and what is this 
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but an admission that tlio molecules have a definite 
structore by which these atoms are kept apart ? 

In the next place, admitting that the structure ia 
that represented above, you ses how the atoms ara 
kept apart. Three of the oxygen - atoms form the 
links, as it were, between the carbon and nitrogen 
atoms, and the rest of the oxygen-atoms are united 
■witli the nitrogen-atoms, and not with tliose of either 
carbon or hydrogen. Now, when the substance ex- 
plodes, what takes place is simply this : The oxygen- 
atoms at one end of the molecule rush for the atoms 
of carbon and hydi-ogen at the other end, and the 
nioleeiilc is broken up, as our next diagram indicates ; 
only, as there are not enough atoms to fonii even mole- 
H 



H-C-O-N-0 


II-O-II 


= 0=0 




n-c-o-N<^ 


II-O-^II 


= = 


K^W 


H-0-0-S=0 


II-O-II 


= = 


W.N 



cnles, we must consider that one atom of hydrogen 
and one of nitrogen are boiTowed from the fi-agments 
of a neighboring moleenle, broken up at the same 
time. Yon see, therefore, that the chemical action is 
very nearly the same as in the burning of gunpowder, 
the difference being that, while in the powder the car- 
bon and oxygen atoms belong to different molecules, 
in nitro-glyeerina they belong to the same molecule. 
In both cases the carbon bums, but in the nitro-glycer- 
ine the combustion is within the molecule. This differ- 
ence, however, which the theory indicates, is one of 
great impoiiance, and shows itself in the etfocts of the 
explosion. 
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In gunpowder tlie grains of cliareoal and nitre; 
althnugh very email, have a sensible magnitude, and 
consist each of many thonaand if not of many million 
moleculeB- The chemical xmion of the oxygen of the 
nitre with the carbon-atoms of the charcoal can take 
place only on the suriaee of charcoal-grains ; the first 
layer of molecules must be consumed before the second 
can be reached, and so on. Hence the process, although 
very rapid, must take a sensible time. In the nitro- 
glycerine, on the other hand, the two sets of atoms, so 
far from being in different grains, are in one and the 
same molecule, and the intei-nal combustion is essen- 
tially instantaneous. Kow, this element of time will 
esplain a great part of the difference in tlie effect of 
the two explosions, bvit a part is also due to the fftct 
that nitro glycerine yields fully nine hundred times its 
volume of gas, while with gunpowder the volume is 
only about three hundi-ed times that of the solid grains. 
There is a fm-ther difference in favor of the nitro-gly- 
cerine in the amount of energy liberated, but this we 
will leave out of account, although it is worthy of 
notice that energy may be developed by internal mo- 
lecular combustion as well as in the ordinary processes 
of burning. 

The conditions, then, are these : With gimpowder 
we have a volume of gas, which would normally occupy 
a space three hundred times as great as the grains 
used, liberated rapidly, but still in a perceptible inter- 
val. With nitro-glyeerine a volume of gas, nine hun- 
dred times that of the liquid used, is set free, all but 
instantaneously. Now, in order to appreciate the 
difference of effect which would follow tliis difference 
of condition, you must remember that all our experi- 
ments are made in air, and that this air presses with an 
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enormous ■weight on every surface. If a volume of 
gas is suddenly liberated, it must lift this whole weight, 
which, therefore, acts as eo much tamping material. 
This weight, moreover, cannot be lifted without the 
expenditure of a large amount of work. Let us mahe 
a rough estimate of the amount in the case of nitro- 
glycerine. We will assume that in the experiment at 
Newport the quantity exploded yielded a cubic yard 
of gas. Had the air given way, instead of the rock, 
the liberation of this volume of gas must have lifted 
the pr^siu'e on one square yard (about nine tons) 
one yard high, an amount of work whieli, using these 
large units, we will call nine yard-tons or about 60,000 
foot-pounds. Moreover, this work must have been 
done during the excessively brief duration of tlie explo- 
sion, and, it being leas work to split the rock, it was 
the rock that yielded, and not the atmosphere. Com- 
pare, now, the case of gunpowder. The same weight of 
powder would yield only about one-third of the volume 
of gas, and would, therefore, raise the same weight to 
only one-thu'd of the height; doing, therefore, but one- 
third of the amount of work, say 20,000 foot-pounds. 
Moreover, the duration of the explosion being at least 
one hundred times longer than before, tlie work to be 
done in lifting the atmosphere during the same ex- 
ceedingly short interval would be only ^fj of 20,000 
foot-poimds, or 200 foot-pounds, and, under these cir- 
cumstances, you can conceive that it might be easier 
to lift the air than to break the rock. 

If there are some who have not followed me through 
this simple calculation, they may, perhaps, be able to 
reach clear views upon the subject by looking at the 
phenomena in a somewhat different way. It can readi- 
ly be seen that the sudden development of this large 
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volume of gae, ■whicli becomes at once a part of tlio at- 
mosphere, would be equivalent to a blow by the atmos- 
phere against the rock ; or, ■what would be a more ac- 
curate representation of the phenomenon, since the aii- 
is the lai'ger mass, and acts as the anvil, a blow by the 
rock against the air. It may seem very siagulai- that 
onr atmosphere can act as an anvil, against which a 
rock can be split, and yet it is so, and, if the blow has 
velocity enough, the atmosphere presents as effective a 
resistance as would a granite ledge. The following 
consideration will, I think, convince you that tliis is 
the case ; I have here a light wooden surface, say, one 
yard square ; the pressure of the air agaiuat the surface 
is equal, as I just statecl, to about nine tone ; but the 
air presses equally on both sides, and the molecules 
have such great mobility that, when we move the sur- 
face slowly, they readily give way, and we encounter 
but little resistance. If, however, we push it rapidly 
forward, the resistance greatly inci'eases, for the air- 
molecules must have time to change their position, and 
we encounter them in their passage. If, now, we in- 
crease the velocity of the motion to the highest speed 
ever attained by a locomotive — say, one and one-fifth 
mile per minute — we should encounter still more par- 
ticles, and find a resistance which no human muscle 
could overcome. Increase that velocity ten times, to 
twelve miles a minute, the velocity of sound, and tlio 
air would oppose such a resistance that our wooden 
board would be shivered into splinters. Multiply again 
the velocity ten times, and not even a plate of boiler- 
iron could withstand the resistance. Multiply the ve- 
locity once more by ten, and we should reach the ve- 
locity of the earth in its orbit, about 1,200 miles a 
minute, and, to a body moving with this velocity, the 
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comparatively dense air at tlie surface of tlie earth 
■would present an almost impenetrable barrier, against 
whicli the fii-mest rocks might be broken to fj'agments. 
Indeed, this effect has been several times seen, when 
meteoric masses, moving with these planetaiy velocities, 
penetrate our atmoephere. The explosions which have 
been witnessed are simply the effect of the concnsaion 
against the aeriform anvil at a point where the atmos- 
phere is far less dense than it is here. So, in the case 
of the nitro-glycerine, the rock strikes the atmosphere 
■with such a velocity that it has the effect of a BoUd mass, 
and the rock is shivered by the blow. 

In concluding my illustrations of the theory of com- 
h'ustion, a few words in regard to its liistory will not 
be out of place. We owe tliis theory to the gi'eat 
French chemist Lavoisier, who was mttrdered by the 
French coramimists during the reign of teiTor which 
accompanied the first French devolution. The theory 
came almost perfect from his hands, and cansed a revo- 
lution in the science of chemistry. Some woidd even 
date the beginning of scientific chemistiy at this epoch. 

In this connection, there is a recent incident which 
amusingly illustrates, not only the importance of the- 
ory, but also the not unfrequent contrast between the 
theoi-izing and investigating mind — the scientific poet 
and the scientific philosopher. About three years since, 
Professor Wm'tz, of Paris, to whom modern chemistry 
owes as much as to any individual man, an Alsatian by 
birth, a Gei-man by descent and in many of his traits of 
mind, but a genuine Frenchman in sympathy and spiiit, 
published a work on the history of modem chemical the- 
ories, which opens with this amusing and characteristic 
Fi-ench panegyric : " Chemistry is a French science. 
It was founded by Lavoisier, of immortal memoiy ; " 
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and the author goes on to make good his claim tliat a 
large part of the great generalizations in th3 Bcienee 
have been made by Frenclimen. This iinmc!i.sured as- 
Btimption, coming, as it did, on the eve of the Franco- 
Prussian "War, was the occasion of no little hitterness, 
and was answered in very much the same spirit in 
which it was uttered. The old controversies were re- 
vivedj and tho old arginnents repeated, proving, what 
was nndoubtedly true, that Lavoisier did not add a 
new fact of prime importance to chemistry. But he 
did add one of the grandest generalizations. Lavoisier 
was not a chemical investigator in our modera sense, 
but lie had, to a very high degi'ce, that quality of mind 
which the Frenclunen call clarte, and the great good 
fortune — if you please so to style the opportunities of 
genius — to advance his theory of combustion at the 
time the discoveries of Pnestley, Cavendish, Black, and 
Seheele, had prepared the world to receive it. His 
contemporary, Seheele, a poor apothecary in an ont-of- 
the-way village of Sweden, had done more than any 
one else to supply the facts which made the theory 
ci'edible ; but, not only did he not see clearly tho hear- 
ing of his facta, but he had not the vantage-ground 
which would have enabled him to impress his ideas on 
his age ; and, althongh, with his extremely restricted 
means, he added more knowledge to the stock of 
chemical science in a single year than did Lavoisier in 
his lifetime, yet it was Lavoisier, and not Scheelo, 
who made the great generalization which revolutionized 
chemistry. 

It is unnecessaiy to add that this Franco-German 
controversy was as irrational as it was useless. Both 
Lavoisier and Seheele filled well the place to whidi they 
were called, and did faitlifidly the work which Provi^ 
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dence assigned them in the development of ehemical 
science, and it is slieer presumption in any man to say 
tliat one was more important or more honorable than 
the other. 

It is tiTie that chemistry, aa a science of exact quan- 
titatwe relations, begins with the introduction of tho 
balance into the science, and that Lavoisier was one of 
the first to recognize the importance of this insti'iiment 
for investigating chemical problems. But, from the 
beginning of the seventeenth century, chemistry as a 
Ecienee of qualitatkie relations was actively studied at 
all the great centres of learning in Eiiropo, and ■was 
illustrated by some of the most learned men of the age. 
For over a century previous to the time of Lavoisier, 
who died in 1794, the doctrines of the science centred 
aroimd a theory of combustion which is known in his- 
tory as the phlogiston theory. This theory was first ad- 
vanced in 1683, by Becher, a German chemist then liv- 
ing in England, and was worhed out into a complete 
system some years later by Stahl. According to this the- 
Oiy, the principle of fii'e is everywhere diffused through- 
out ligature, but enters into the composition of diilerent 
bodies to a very uneq^ual extent. Combustible sub- 
stances are bodies very rich in phlogiston, and burning 
consists in the escape of phlogiston into the atmosphere. 
I have already refeiTed to this theory, and shown that 
it was in variance with the gi-eat principle of the law 
of gravitation, that quantity of matter is proportional 
to weight. Still, as I said before, this principle of 
Newton made its way into chemistry very slowly, and 
the theory of Stahl was in complete accordance with 
the philosophy of Aristotle, which, at the time, held 
an entire supremacy over the intellectual world. And 
was the theoiy wholly false ? I believe not ; and I am 
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persuaded ttat every theory, which gains among thinl;- 
ing men such universal acceptance as did this theory 
of Stahl, has its-element of truth. The men of the 
seventeenth century were not less acute thinkej's than, 
ourselves, and we must be careful not to jvidge of their 
ideas from our stand-point. The authors of the theory 
never attached to phlogiston the idea of weight which 
we necessarily associate with all matter. It was to 
them a principle, an undefined ^sence, and not matter 
in tlie sense we understand it. Yague and indefinite 
idea, no doubt, lilte many of the metaphysical ideas of 
the time, but not absurd. And that it was not absurd 
a single consideration will show. Translate tlie word 
phlogiston energy, and in Stahl'a work on chemistry 
and physics, of 1731, put energy where he wrote ^/i^o- 
giskm, and yon will find there the gemis of our great 
modem doctrine of conservation of energy — one of 
the noblest products of human thought. It was not 
a mere fanciful speculation which ruled the scientific 
thought of Europe for a centmy and a half. It was a 
really grand generalisation ; but the generalization was 
given to the world clothed in such a material garb that 
it has required two centuries to unwrap the ti'uth. 
Still, the spai-kle of the gem was there, and men fol- 
lowed it until it led them into a clearer day. It is a 
great error to suppose that the theory of Lavoisier su- 
perseded that of Stahl. It merely added to it. Stahl 
clearly saw that the chief characteristic of burning was 
the development of energy, and, although he called 
energy phlogiston, and did not comprehend its real 
essence, he recognized that it was a fundamental prin- 
ciple of Nature. He did not understand the chemical 
change which takes place in the process, and this La- 
voisier discovered. But, both Lavoisier and his fol- 
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lowers, to a great extent, ignored the more important 
phenomenon in magnifying the less, and it is only 
within a few years that the tiiie relations of the two 
have been understood. AH honor to these groat pio- 
neers of science, and let their experience teach us that, 
in science, as in religion, we see as through a glass 
darkly, and that we must not attach too much impor- 
tance to the forms of thought, which, like all things 
human, are subject to limitations, and liable to change. 
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QUANTIVALEMCE AND METj 



1— ALKALIES I 



Bepoee studying metathesis, the third, as you will 
remeinher, of the three classes into which we divided 
chemical reactions, I must ask your attention, at the he- 
ginning of my lecture this evening, to a most impoitant 
general principle, to which a study of the reeulta of 
analysis and ejntlieeis has led, and which will greatly 
help to elucidate the metathetieal processes we have yet 
to investigate. 
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The diagi'am on the cnrtain before us illustrates the 
truth we have to present. The story, indeed, is here 
told ill om' chemical hieroglyphics, hot let ns try to de- 
cipher them. In attacking our work, let us not fail to 
remember that these symbols really exhibit the con- 
stitntioTi of the molecules of the definite substances 
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tliey represent. The symbol HjO, for example, eliows 
that a molecule of water consists of two atoms of 
hydrogen and one of oxygen. Uemember that this 
eymhol is not the expression of a mere hjjsothesis, 
but represents the results of actual experiment. In 
a former lecture we have dwelt at length on the e^'i- 
dence on which it is based. "We cannot contlnnally 
retrace our steps ; but be giu'e that you recall this evi- 
dence, so that we may plant the ladder, on whicli we 
shall attempt to climb higher, on firm gromid. Now, 
what is true of the Bymbol of water, is true of all the 
symbols on this diagi-am. There is not one of them 
in regard to which there is a shade of doubt. Our 
atoms may be mere fancies, I admit, but, like the mag- 
nitudes we call waves of light, the magnitudes we have 
measured and called atoms must be magnitudes of 
something, however greatly our conceptions in regard 
to that something may change. Our whole atomic 
theory may pass, the words molecule and atom may be 
forgotten ; but it will never cease to be true that the 
magnitude which we now call a molecule of watei" con- 
sists of two of the magnitudes which, in the year 1873, 
were called atoms of hydrogen, and of one of the mag- 
nitudes which were called, at the same period, atoms 
of oxygen. 

Loot, now, at the first line of symbols, and see in 
what a remarkable relation the atoms there repre- 
sented stand to each other. In a molecule of hydi'o- 
chloric-add ga^ (HCl), one atom of clilorine is united to 
one atom of hydrogen. In the molecule of water (II3O) 
one atom of oxygen is united to two of hydrogen. In 
the molecule of ammonia gas (WH3) one atom of nitro- 
gen is united to three atoms of hydrogen, and in the 
molecide of mai-sh gas (CH,) the atom of carbon is 
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united to four atoms of hydrogen, It would appear, 
tlien, tliat tlie atoms of chlorine, oxygen, nitrogen, and 
carhon, have different powers of comhination, uniting 
respectively with one, two, three, and four atoms of 
hydrogen. In order to assure youi'selves that this rela- 
tion is not an illusion, depending on the collocation of 
Selected symbols, but resuJts from a definite qiahty of 
the several atoms, examine the symbols of the second 
line, and you will see that, in a similar way, the atoms 
of sodium (Na), merenry (Hg), antimony (Sb), carbon (C), 
and phosphorus (P), unite respectively with one, two, 
three, four, and five atoms of chlorine. Moreover, on 
comparing the two lines, notice that the atom of ehlo- 
line, which combines with one atom of hydrogen, com- 
bines also with one atom of sodium. Again notice 
that ths atom of carbon, -which combines with four 
atoms of hydi'ogen, combines also with four atoms of 
chlorine. i"urther, observe on the third line that the 
atom of mercniy, which combines with two atoms of 
chlorine, combines with only one of oxygen ; and that 
the atom of carbon, which combines with eithei' four 
atoms of chlorine or fonr atoms of hydrogen, combines 
with two atoms of oxygen ; and compare with these 
facts those fii'st noticed, that the atom of oxygen com- 
bines with two atoms of hydrogen, and the atom of 
chlorine with but one. 

Relations so far reaching and so intricate as these 
cannot be accidental ; and when you are told that the 
examples here given have besn selected, on account of 
tlieir simphcity, from a countless nnmber of instances 
in which similar relations have been observed, you will 
not be satisfied until you find some explanation of the 
cause of these facts. 

The explanation which our modern chemistry gives 
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is tliis : It is aasnmed that each of tlio elementary atoms 
lias a certain definite nnmlDer ofbonde, and that by these 
alone it can he united to other atoms. If you wish to 
clothe this abstract idea in a materia] conception, picture 
these bonds as so many hoolis, or, what is probably nearer 
the truth, regard them as poles lite those of a magnet. 
If we have gi'aaped this idea, let ua turn bacli to our dia- 
gram and we shall find that the relations we had biit 
dimly seen have become clear and intelligible. The 
hydi'ogen, sodium and chlorine atoms have only one bond 
or pole, and hence, in combining with each other, they 
can only unite in pairs. The oxygen-atom has two 
bonds or poles, and can combine, therefore, with two 
hydi'ogen-atome, one at each pole. The mercuiy-atom 
has also two bonds, and takes, in a similar manner, two 
atoms of cldorine ; but it can only combine with a sin- 
gle atom of oxygen, for the two poles of one just satisfy 
the two poles of the other. Again, the atom of car- 
bon has four bonda, ■which may be satisfied by either 
four atoms of hydrogen, or four atoms of chlorine, or 
two atoms of oxygen, or one atom of oxygen and two 
of chlorinej or, lastly, one atom of oxygen and two of 
hydrogen. Further, the atom of phosphonis has five 
bonds, and holds live atoms of chlorine, or three atoms 
of chlorine and one of oxygen. Finally, the ehi'omiuni 
atom binds six atoms of fluorine, or three of oxygen, or 
two of oxygen and two of chlorine. This quality of the 
atoms, which we endeavor to represent to our mhids by 
the conception of hooks, bonds, or poles, we call, in our 
modem eliemistiy, quantivalence, and we vse the Latin 
tenns univalent, bivalent, trivalent, quadnvalent, quin- 
quivalent, sexivalent, etc., to designate the atoms which 
have one, two, three, four, Ave, six, etc., hooks, bonds, 
or poles, respectively. 
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Ag- -Ze- -Au- -Zr- 

In tlie above diagram we have classified a few only 
of the more important elementaiy atoms according to 
their qnantivalenee, and the diagram also shows how, 
hy a slight addition to onr eymholical notation, we can 
indicate the nnmber of bonds in each case. In writing 
symbols of molecules, a dash between two letters indi- 
cates the union of two bonds, and one bond or pole on 
each atom is then said to be closed. Two dashes indi- 
cate that two bonds on each atom are closed — and so 
with a larger number. The next diagram is in part 
a repetition of that on page 23^,?With the exception 
that tho bonds are indicated. 

n II 

n-ii ii-o-ii Ti-w-u n.-0-^ii 



Q-Ilg-Cl CUS'u-Cl 01-0-Cl 



Yon notice that this idea of quantivalence suggests, 
or, rather, as I should say, implies tlie idea that the 
molecules have a definite structure. Thns in the molc- 
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eule CHj we conceive tlmt tlie carbon-atom is united at 
four distinct points with the four hjdrogen-atoms. 
There is not an indiscriminate grouping of the five 
atoms, bnt a definite arrangement witli the carbon- 
atom at the centre of the system. So, also, in OOIj, 
which has the same stmctnre as CH4, detennined, as 
before, by the qnadrivalenee of the nucleus. Passing 
next to COj we find an equally definite stmeture, the 
four bonds of the same nucleus being satisfied by two 
bivalent atoms of oxygen ; and intermediate in sti'uct- 
ure, between the two molecules last mentioned, we have 
the molecule of phosgene gas, COCI3, and the molecule 
of formic aldehyde, COH^. 

The symbols of these molecnles indicate an obvious 
limitation to this idea of structure, which must not bo 
overlooted, and which cannot too early he called to 
your notice, AH that we, as yet, feel justified in infer- 
ring from the phenomena we have described, arc simply 
the facts that in the molecule CC14, for example, the 
four chlorine-atoms ai-e united to the carbon-nucleus 
by four different bonds, and that in the molecule C.O3 
the two oxygen-atoms are united to the same nucleus, 
each by two bonds. I'ui'ther than this we assert noth- 
ing. It may hereafter appear that the different bonds 
of the carbon-atom have different values ; or, perhaps, 
have a fixed position, and that there are distinctions of 
right and left, top and bottom, or the like ; but, until we 
are acquainted with phenomena which require assump- 
tions of this sort, we may group onr symbols around the 
nucleus of the molecule as we find most convenient, 
provided only we satisfy the condition of quantivalenee. 
Thus it is unimportant whether we write 

01 

Cl-IIg-Cl, or yis(,Qi\ 01-0-Cl, 01- 0^-0 
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The quantivalencc of tlie atoms, moreover, is by no 
means an invai-ial)l6 qnslity ; but tbia eircomstaTice 
docs not in tlie least obscure the general principle we 
have been discussing : because, in the first place, any 
change in the quantivalence of an atom is accompanied 
with a change in all its chemical relations ; and, in the 
second pl^ee, the change is cirenmsciibcd by deiinitc 
limits, which are easily defined. This point will be 
best illnetrated by a few examples. 

When in a previous lecture, as an example of a 
synthetical process, we united ammonisi gasv/itli hydro- 
ehlorie acid, there was a change in the quantivalence 
of the nitrogen-atom, from tbi'ee to fl.?c, as will be seen 
on comparing the symbol of the fir^t factor with the 
solo product of the reaction : 

n Ti 



Kow, from ammonia gas can be derived a largo class 
of compounds, in all of which nitrogen is trivalent ; and, 
in like mariner, from ammonic chloride can be derived 
another class of compounds, in which nitrogen is quin- 
quivalent ; but, although they all contain the same atom 
as a nucleus, the two classes differ from each other as 
widely as if they were composed of diiferent elements. 
A similar fact is true of phosphoms, which fernia two 
well-marked chlorides : 



Cl-P ;p-ci 

i, " A 

Fliospliocoua Cliforido. Phosphodo Chloiiili:. 

One of the most sti'ihing instances of the variation 
of quantivalence is to be found m the atom of man- 
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gancBC. Tliis elementary sntstance forms no less tlian 
foTii" compounds with fluonne, whose molecules have 
probsibly the coiistitntion represented by the symbols 
given below : 

F r F 

F-lfn-F F-JIn-F F-}.rii-Mn-F 



In the first, tlie manganese-atom is bivalent ; in the 
second and third it is quadrivalent ; and in the last, 
sexivalent. The tliird molecule, it wili be noticed, 
contains two quadrivalent atoms of manganesCj nniied 
by a single bond, smd the two together fonn a complex 
nneleus, which is sexivalent. Here, as in the previous 
examples, it is ti'ne that there is a distinct da&g of eom- 
pomids corresponding to each of the four conditions of 
the nneleus, and that the difference between the chem- 
ical relations of the bivalent and those of the sexivii- 
lent atom of manganese is almost as great as that be- 
tween the atom of zinc and the atom of eulphitr. 

The compounds of iron furnish a more familiar ex- 
ample of the effect produced by a variation of quantiva- 
lenee, than either of those which have been adduced. 
Thei'e are two classes of these compounds, whidi ai'e 
distinguished in chemistry as the feri'ous and the fer- 
ric compounds. The fii'st class consists of molecules, 
of which the nucleus is a bivalent atom of ironj wliilo 
the molecules of the second class are grouped around a 
nucleus, consisting of two quadrivalent atoms nnited aa 
explained above. Tims the symbols of ferrous and 
feiTtc chloride ai'c: 
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Fed, or Cl-Fe-C], bM. FejOls or CI-Fo-Fe-OL 



Now, I have before me four gliisses, wliich Gontain 
solntiona in water of 
FeC],, Fej 

FerroDB Cbloriae, Foerin ( 

and I will add to eaeli glass a portion of a solution of 
a yellow salt, which is well known in commerce, under 
the name of yellow prassiate of potash, and in chemis- 
try as potiisaic ferrocyanide. Notice, in the tirst place,, 
what a different effect the reagent produces on the last 
two solutions. From tho solution of euprie chloride^ 
we obtain a red precipitate, and, from the solution 
of nickel chloride, a white precipitate. Nest, we will 
add the same reagent to the solutions of the two com- 
pounds of iron, and, as you see, the difference of effect 
produced is even greater than before. Moreover, if, 
going behind the outward manifestations, you study 
the constitution of the products formed, you will find 
that the. variations of color correspond to more fimda- 
mental differences in the case of the two conditions 
of u'on than in that of the two separate elements, cop- 
per and nickel. The result, then, at which we amve^ 
is this, that, although a fixed quantivalence is not an 
invariable >( quality of every atom, it is at least an in- 
variable quality of each condition of every given atom^ 
and that, in every marked class of compounds of any 
elementary substance, the atoms of that element always 
have the same quantivalence. 

Lastly, as to the limits to which this variation of 
quantivalence may extend. There are several of the 
chemical elements, and tJiese among the most impor- 
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tant and most widely distribnted, whose quantivalence 
appears to be invariable. This is especially tme of 
hydrogen, it is likewise true of the alkaline metals, lith- 
ium, sodium, potassinm, caesium, and rubidinm, and it 
is also true of silver, all elements whose atoms are univa- 
lent. It is further tme of the trivalent element boron. 
Again, oxygen is always bivalent, and so are also the 
metallic radicals of the alkaline earths, calcium, barium, 
strontium, and magnesium, and so ar-e, moreover, the 
well-known metallic elements, lead, zinc, and cadmium. 
Lastly, aluminimi, titanium, silicon, and carbon, are al- 
ways ijuadrivalent, although, in tlie single instance of the 
molecule, CO, the carbon-atom appears to be bivalent. 
But, in addition to the fact that the variations in 
quantivalence are confined to a limited number of the 
elementary atoms, these variations appear to follow a 
remarkable law, which is thought to point to an ex- 
planation of their cause. As is shown in this diagram, 
the snccessive degrees of quantivalence in gold and 
phosphorus follow the order of the odd number : 
AiiCl AuCh 

poi, ra. 

wliilc llioso of manganese follow the order of the even 
numbers : 

iInF, llnF, MnF, 

Now, whiit 13 tnio 01 iliGSQ atoms is, in genei'al, true 
of the atoms of all those elements wliich have several 
degi-ees of quantivalence : at eacli successive step the 
quantivalence increases by two honds, and never by a 
single bond. The explanation of the tact is thought to 
bo that the bonds of any atom, when not in use to hold 
other atoms, are satisfied by each othex', and that, so far 
as those unused bonds are concerned, the atom is in 



loy Google 



2'18 QUANTITALENCE AND JIETATIIKSIS. 

the condition of a horseshoe magnet, with its north pole 
directed toward and neutralized by its sonth pole, Thna 
it is assTimed that, in both of the two eompotmda of car- 
bon and oxygen, the carbon atom is quadrivalent, the 
only difference being that, while in CO3 all four bonds 
are employed to hold the two atoms of oxygen, in CO 
only two are eo used, the other two neutralizing each 
other thus : 

0-C=0 CC.O. 

Of course, then, if the nnnsed bonds arc in all cases 
neutralized in this way, it must be that the qnantiva- 
lence of an atom ■will fall off from the highest degi'ec 
of which it it susceptible, by two bonds at each step ; 
BO that, if the highest degi-ce ia odd, ail must be odd, 
and, if the highest ia even, all must be even, as in the 
iUiiBtrations given above. Atoms with odd degi'eea of 
qnantivalenee have been called periseade, and those with 
even degrees have been called artiads, and the classifi- 
cation appears to be a fundamental one ; but there are 
important exceptions to the general principle, which 
have never yet been reconciled with the theory. 

The doctrine of quantivalence, which we have en- 
deavored to illustrate in this lecture, is one of the dis- 
tinctive features in which the new chemistry differs 
from the old, and the recognition of the fact that a defi- 
nite qnantivalenee is an inherent quality of each ele- 
mentary atom waa one of the chief causes of the revo- 
lution in the science which has recently talcen place. 
In the old chemistry, the question of how the element- 
ary substances were united in a compound was hardly 
raised, much less answered ; but now the manner in 
which the atoms are grouped together in the molecule 
lias become an all-important question. Evei'y mole- 
cule is a unit in which all the atoms are joined to- 
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gcther liy their several bonds, and it becomes an object 
of investigation to determine the exact manner in whicli 
the moleeuhir structure is built np. Moreover, it ap- 
pears that the qualities and chemical relations of a com- 
poimd are detennined fully as much by the structure 
of its molecules as by the nature of the atoms of which 
the molecules consist. For example, it was formerly 
supposed that the qualities of an alkali or an acid wore 
simply the characteristics of the compounds of certain 
elements with oxygen, hut it now appears that tliey are 
the result of a detmite molecular structure, and are 
only slightly modified by the characteristics of the in- 
dividual atoms which may chance to be the nucleus of 
the molecule. 

"VVe are thus feirly brought face to face with the 
question of molecular structure that is to oceiipy our 
attention, during the remainder of this course of lect- 
ures. In regard to this question, there are a few pre- 
liminaiy points which need barely be -mentioned, as 
they can easily be apprehended, and require, therefore, 
no extended illustration." It is evident that with univa- 
lent atoms solely we can only foiin molecules con- 
sisting of two atoms, like IJ'a-Cl, or H-Br. When we 
introduce bivalent atoms the stmctui'e becomes more 
complex — as in H-O-H or K-O-Cl. With several biva- 
lent atoms we can form molecules in which the atoms 
seem to be strung together in a chain, sometimes of 
great extent, as — 



And, with atoms of higher quantivalence, we obtain 
gi'oups of very gi'eafc complexity, of which the multiva- 
lent atom ' is tlie nucleus, and serves to bind t 
' The atom witli n higb degree of quantivalence. 
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the parts of tlie molecule. The raoleciile of calcic sul- 
phate, for example, is supposed to liiive the complex con- 

Ca S 

NO-' "^O 

Btittition which our ffymbol indicates, and it will be seen 
that it is the sesivalent atom of sulphur, which is the 
n ucleus of the gi'oup, and holds the atoms together. So> 
also, in the still more complex molecule of alum, the 
double atom of aluminum is the nucleus of the gi'oupj, 
o o 

O o 

K^O-S-O-Al-AI-O-S-O-E, 
O 

O O 

Potasrfc-AlomlBic Sulphate (il'.mij, 

and unites the several parts, while the four soxivalcnt 
atoms of eulphui' are the centres of subordinate groups 
connected with this nudens. Notice that all the atoms 
are united by their respective bonds, and that to each 
set fe assigned a definite quantivalence, and you can 
hardly fail to appreciate the important fundamental 
principles of our modern chemistry, ■which I have been 
endeavoring to illustrate. They may be siimmed up in 
the following terms : 

The integrity of every complece molesule depends on 
the TmdtivaXeiiGe of one or inore of its atoms, and no 
such moleetde eon exist unless its jjffj'fo are loimd to- 
gether hy these afomio clamps. 

Such symbols as those just given, by which we at- 
tempt to indicate the relations of the parts of a mole- 
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cnle, are called graphic or sometimes rational symbols, 
and arc to bo distinguished from those we have hitherto 
used, which, as they represent simply the results of ex- ■ 
periment, are known as empirical symbols. Of coiu'se, 
these gi-aphie symbols are the expressions of our theo- 
retical conceptions, and must eniwive or perish with the 
theory that gave them birth. But, absm-d as these con- 
ceptions certainly would be if we supposed them realized 
in the concrete fonns which our diagrams embody, yet, 
when regarded as aids to the attainment of general 
truths, which in their essence are stJli incomprehensi- 
ble, these crude and mechanical ideals liare the gi-eatest 
value, and become very important aids to the study of 
chemical science. 

The molecular stmctiu-e of bodies is inferred chiefly 
from the reactions of which they are susceptible, or by 
which they are formed, and I now propose to ask you 
to study with me a nnmber of chemical processes which 
I have selected with a view of illustrating the stmeture 
of a few of the more important classes of chemical 
compounds. The processes best adapted for our pur- 
pose, and therefore selected, ai'e chiefly examples of 
metathesis, and incidentally we shall become acquainted 
with this third cLass of chemical reactions. 

Metathesis consists in the interchange of atoms or 
groups of atoms between two molecules, and implies 
that the structure of these molecules is not otbei-wise 
altered. Such an interchange, of course, involves the 
breaking np of two sets of molecules, and the produc- 
tion of two new sets, and might be regarded as a con- 
cuiTence of analysis and synthesis ; bnt the cases are so 
very common of chemical processes in which one atom 
or a group of atoms is simply si\bstitnted for another, 
without otherwise altering the structure of the mole- 
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ciilea concemecl, that it is convenient to study these re- 
actions by themselves. The first example which I shall 
bring to yonr notice is the reaction of metallic sodium 
on water. 

The effect of pure sodium on water is so violent 
that we find it convenient to moderate the action by 
amalgamating the metal with mei'eury, which, without 
in the least degree altering the relations of the sodium 
to the water, reduces tlie rapidity of the chemical pro- 
cess. AVe will, now, pass imder this glass boll, which 
is filled with water, and standing on the shelf of the 
pneumatic trough, a bit of tins sodium amalgam. You 
notice a rapid evolution of gas, which soon nearly fills 
the bell. Let us examine this gas. On iDi-inging the 
open mouth of the bell near a eandle-fiame, the gas takes 
fire and bums with the familiar appearance of hydrogen, 
and this is sufficient to assm'e you that the product with 
which we are here dealing is hydrogen gas. Ent what 
is the other product of tlie reaction i To disco-v er this, 
we will next place another lump, this time of the pure 
metal, on an open pan of water. The metal is lighter 
than water, and floats on the surface, but, to pievent it 
from swimming around, we have placed on the liquid a 
disk of filtei-ing-paper on which the lump re&ts. The 
action is now very violent— hydrogen gas is evolved 
as before, a high temperature is developed, and the 
metal melts. Were the melted globule free to swim on 
the surface of the water, the cooling effect of the liquid 
wonld prevent the temperature from rising to the point 
of ignition. As it is, however, the globule being entan- 
gled by the filter-paper, the heat soon accumulates to a 
sufficient degree to infiame the escaping hydrogen, and 
this furnishes us with the evidence that the gas is real- 
ly escaping. But the color of the flame is not familiar. 
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Why is it so yellow ? Simply because the flame contains 
a small amount of the vapor of sodium, and the merest 
trace of tliat vapor in any flame is sufficient to color it 
intensely yellow. Any volatile compound of sodium 
introduced into a non-luminous gas-flame produces the 
same effect. But where is that other product we are 
seeking 1 Evidently we must look for it in the water, 
on which the sodium has been acting. Have the quali- 
ties of the liquid changed ? This question can be an- 
swered by a simple test. Here we have some strips of 
paper, which are colored with certain well-known vege- 
table dyes. The yellow strips are colored with tm-- 
meric, and the red with litmus. On dipping these 
strips in a jar of pure water, notice that the color is not 
in the least degree modified ; but mark that, when the 
yellow strip is drawn through the water on which the 
sodium has been acting, the color becomes at once bright 
red ; while, on the other hand, the strip colored red by 
litmus becomes blue. Evidently it is some product of 
the reaction dissolved in the water which produces these 
changee, and this conclusion will be confinned on tast- 
ing the water, which haa acquired a sharp, biting taste, 
and attacks the skin, producing, when rubbed between 
the fingere, a peculiar unctuous feeling, efieets which 
every one will recognize as those of a caustic alkali. If, 
now, we evaporate the water, we shall obtain a small 
quantity of an amorphous, white solid, similar to that 
which is contained in this bottle, and which is only a 
purer form of the caustic soda of commerce used in 
such gi'eat quantities for making soap. 

As we are able to discover no other results of this 
process except the two substances yon have seen, you 
may conclude that the only pi'oducts of the reaction of 
sodium on water are hydrogen gas and caustic soda. 
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Next, as to the nature of the process, and how we can 
express it by our symbols, "We hnow all about the 
molecular constitution of the factors of the reaction. 
The symbol of a molecule of sodium is Ka-Na, and 
that of water H-O-H. These molecules have the sim- 
plest types of structure. We also know that the mole- 
cule of hydrogen gas has the symbol H-H, but how 
about the molecule of caustic soda (sodic hydmte, as wo 
call it) ? Chemical analysis shows that this substance 
consists simply of sodium, oxygen, and hydrogen, in 
proportions, by weight, corresponding exactly with 
those proportions which have been assumed to be the 
relative weights of the atoms of these three elements. 
Analysis, therefore, proves that the molecule of caustic 
soda contains an equal number of atoms of all tliree of 
its elementary constituents, but it does not enable us to 
decide whether its symbol is IsTaOH or KflaOjHs, or any 
other simple multiple of these lettere. Here, however, 
the principles of qnantivalence come to our aid, "We 
know that both H and Ka are univalent atoms, and 
that the molecule of oxygen can only hold two such 
atoms. Hence the symbol must be Ka-O-H, and can 
be notliing else. "Were caustic soda a volatile solid, bo 
that we could determine the specific gravity of its va- 
por, we could reach a knowledge of its molecular con- 
stitution in the manner previously described, wliich is 
much more direct and satisfactory ; but, as it cannot be 
volatilized within any manageable limite of tempera- 
ture, we are obliged to resort to methods M'hose re- 
sults are undoubtedly less conclusive, and depend, to a 
greater or less degi-ee, on theoretical considerations. 

"Writing out, now, the symbols of the factors and 
products of our reaction, 

H"a-H"a H-O-TT Ka-O-H H-U, 
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wG notice tbat, as there are two atoms of Na in tlie 
molecule of the metal, we must have formed two mole- 
cules of Na-O-H, and, as there ■will then be four atoms 
of hydrogen among the products, there must be two 
molecules of water used in the factors, and our reac- 
tioflj thus amended, becomes 

Na-Ka + 2H-0-n = 3Nii-0-H + n-IL 
If, next, we represent the reaction by graphic symbols, 
the nature of the change will be made still moro evi- 
dent : 

II-O-II Ka M"a-0-II li 

^- I = +1 

n-O-lI Na ITa-O-H H. 
It will be now seen that the two atoms of sodium have 
changed place each with an atom of hydrogen in the 
molecule of water, and that the displaced atoms of 
hydrogen have taken the place of the atoms of sodium. 
In a word, the new molecules have precisely the same 
structiu'e as the old, and only diifer from them in tho 
substitution of Na for H, or the rcYeree, This reac- 
tion is, thei'efore, a simple example of metathesis. 

Caustic soda (or sodic hydi'ate), which was one of 
the products of the reaction we have been studying, 
belongs to a class of substances which have long been 
distinguished for their veiy marked and useful quali- 
ties, and are called alkalies. The most striking and 
familiar of these qualities have already been noticed, 
and, among othei-s, the effects which the alkalies produce 
on the colored papers dyed with turmeric or litmus. 
Now, thei'G is another class of compounds whoso quali- 
ties, while equally marked, bear a most striking antithe- 
sis to thoso of the alkalies. These compounds are called 
acids, and the word recalls a peculiar taste and a eoiTosivc 
action, with which every one is more or less familiar. 
Here we have one of these substances, the muriatic 
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acid of commerce, wliieh, as I have already told you, is 
a solution of hydrochloric-acid gas (HCl) in water. 
Notice that, when I dip in this acid solution the dyed 
papers which Live been altered by the alkah, their 
former color is at onee restored. The acid thus undoes 
the effect of the alkali, and, what is more, if I add tlio 
acid slowly to the alkaline solution, and, after each 
addition, test the solution with mj paper?, I shall find 
that the alkaline reaction, as we call it, becomes feebler 
and feebler until at last it wholly disappears. So, on the 
other hand, if we add the alkaline to the acid solution, 
the test-papers will show that the acid qualities disappear 
in a similar manner, and we can easily bring the solu- 
tion to such a condition that it has no more effect on 
the vegetable dyes than so much pure water. This 
chemical process is usually described by saying tliat the 
acid and alkali neutralize each other, and notice that in 
the case before us the tost- papers show tliat the neutral 
point has been reached. On tasting the solution, we 
cannot discover the least traces of either an acid or an 
alkaline taste, but in their place we recognize the flavor 
of common salt, and if we evaporate the solution we 
shall obtain a small quantity of this most familiar con- 
diment. 

"With all the substances concerned in the reaction 
WG have just studied, we are perfectly famiHar. Let us 
see, then, if we cannot express the reaction by means 
of onr chemical symbols : 



The reaction evidently consists in the simple substitu- 
tion of Na for H in the molecule of HCl, and the 
reproduction of a molecule of water, which, mixing 
with the great mass of water present, would naturally 
be lost sight of in the experiment. 
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It appears, tbeiij that, in the present case at least, 
the neutralizing of an acid by an aUvali is a simple 
metatlietical reaction, in wliich the metallic atom of 
the aitaline-molecEle changes place with the hydrogen- 
atom of the acid-molecnle. Now, the chief interest of 
this experiment arises from the fact that it is a single 
example of a general truth, and the principle is one 
of sneli importance that it requires further illustration. 

On the second pan of water I therefore throw a 
lump of another metallic element, closely allied to so- 
dium, called potasBium, The action is even more vio- 
lent tlian hefore, and mark that the escaping hydrogen 
inflames while the metaEie glohule is swimming rapidly 
about on the surface of the water. Ifotice, also, tlie 
beiratiful color which the potassium-vapor impai'ts to 
the flame, so different from that obtained with sodium. 
These colors are, in fact, very characteristic, and, when 
examined with the spectroscope, are condensed in cer- 
tain luminous bands, whose positions on the scale of 
the instrument afford a never-failing indication of the 
presence of the metal in the flame. Yon see, more- 
over, that, as before, the water has acquired an alkaline 
reaction, and, if we evaporate the solution, we shall ob- 
tain a small quantity of a white solid called potash (or 
potassio hydrate), so similar to caustic soda that the two 
can scarcely be distinguished except by chemical tests. 
The process is so analogous, in every respect, to the 
last, that it is certainly unnecessary to repeat the evi- 
dence on which our knowledge of the reaction is 
based, hut we will express it at once by our chemical 



K-K -1- 3H-o-n =^ ii-ir 4- 3K-o-n. 

PotosduBi. Water. HjOroewi Gas. Folassie Hjaraf c. 

The sole difference is that we have here atoms of potas- 
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sium, K, instead of atoms of sodium, Isa, wLicIi, how- 
ever, like the last, take the place each of a liydvogcn- 
atoni in one of the molecules of water. 

In the previons example we neutralized the alkali 
soda with liydi'oehloric acid. We have here another 
compound of the same claes, called nitric acid, and let 
113 see whether, in like manner, this add will neu- 
tralize the alkali potash. Notice that, as we add the 
acid, the alkaline reaction becomes feebler and feebler, 
until at last it has entirely disappeared. The liquid 
has now no effect on either of these sensitive papers. 
On tasting it, we discover no pungency, and likewise 
no acidity, but we recognize a peculiar saline taste, 
which is not nnfkmiliar. Here is a bit of paper which 
has been dipped in a similar solution and dried. See 
how it sparkles when lighted, and every hoy will tell us 
that we are dealing with the well-known salt we call 
nitre. And so it is ; and, on evaporating tho solution, 
we should obtain the familiar crystals of this substance. 

Before we can explain this new reaction, we must 
know what is the symbol of a molecule of nitric 
acid, and also that of a molecule of nitre. Since nei- 
tlier of these substances can be volatilized without de- 
composition, we cannot weigh their vapor, and cannot 
therefore apply the method of finding the symbol we 
explained in a previous lecture. As in the case of the 
Bodic hydrate, however, we are not wholly helpless, for 
analysis will tell ns a gi-eat deal, and, once for all, let r.s 
consider just how much infonnation an accurate analy- 
sis will give us in regard to the symbol, and how far 
it leaves us in the dark. 

Here, then, we have the analysis of nitric acid, and 
in regard to the acenraey of those nnmhora there can- 
not be a doubt : 
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Hydrogen 2.57 

Nitrogen 35.89 

Osygen 61.64 



Xitrie acid consists of tlio three elementary snbsianees 
— hydrogen, nitrogen, and oxygen — in the exact pro- 
portions here indicated, just so many per cent, of 
each. !N"ow, these per cents, are to each other pre- 
cisely as the numbers 1 : li : 4S ; or, as the weight of 
one atom of hydrogen is to the weight of one atom of 
nitrogen is to the weight of three atoms of oxygen ; or, 
in symbols, as H -: N : Og. But, as every one knows, 
we may multiply all the terms of a proportion by any 
number we please without in the least altering the 
value of the ratios— thus, 1 : 14 : 48 = H : IC : Og == 
Hj : Na : Oo = Hs : Ng : Og ; or, in general, as Hn : 
Wn : Gon- Hence, then, if nitric acid consists of hy- 
drogen, nitrogen, and oxygen, in the proportions which 
om* analysis indicates, its molecule must be represented 
either by HNOj, or by some simple multiple of these 
symbols. Knowing, then, as we do, the relative 
weights of the atoms, simple analysis will tell us in 
every case the relative number of atoms present in 
the molecule, but it cannot fix the absolute number. 

Ton see, therefore, that analysis alone gives us al- 
ways ft cTose approximation to the symbol, and limits 
the question within very restricted bounds. The sim- 
plest formula in any ease is that which represents the 
molecule as consisting of the smallest number of whole 
.ttoms which will satisfy the conditions, and the only 
qnestion can be as between this symbol and its multi- 
ples. In the easQ of all volatile compounds, a very 
rough determination of their vapor density is sufficient 
to decide the question. Thus, in the ease of nitric acid. 
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if the symbol is HNOg, the molecular weight is G3, 
and the vapor density woidd be Sl,5, "Were the ayni- 
hol HjNaOc, the density would be C3 ; were it HcWsO,., 
the density would be S4.5 ; and, although there uro 
causes which make many of our detenninations of va- 
por densitiea untrustworthy within several per cent., 
they are abundantly accurate enough to show which of 
such widely-differing values must be the true one. 

Hence, although theoretically the molecular weight, 
as determined by the vapor density, is our starting- 
point in the investigation of the symbol of a compound, 
practically it is only used to control the results of anal- 
ysis. So also, when, in the case of non-volatile com- 
poundSj we must resort to other modes of fixing the 
molecular weight, an accurate analysis having once been 
made, the question lies only between a few widely-differ- 
ing numbere, and considei'ations are sufficient to decide 
between these which would not be regarded as satisfac- 
tory were gi-eater accuracy required. 

Of couree, as must be expected, there are substances 
in regard to which no definite conclusions can bo 
readied, and where conflicting evidence renders differ- 
ences of opinion possible. This is true of many min- 
eral species, and the symbols of such compounds arc in 
doubt to the extent I have mentioned. In such cases, 
WG usually adopt provisionally the simplest symbol, 
and wait for the advance of science to correct any en-or 
■which may be made, and which, for the time at least, 
is unimportant. 

This is, undoubtedly, a difficult subject — one of the 
most difficult in chemistiy ; but the difficulty can be 
mastered with a little thought, and it requu'es no de- 
tailed knowledge of the science to follow the reasoning 
thus far. It is different, however, with the pm'ely chem- 
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ical evidence on wliieli we are frequently obliged to 
rely for deciding between the few formulas whicli, in a 
given case, analysis shows may be possible. This evi- 
dence will have no force, except with those who have 
already a competent knowledge of the facts. Thus mueli, 
however, can be understood. The facts of chemistry, 
like tliose of any other science, are parts of a general 
plan more or less fully apprehended by the student, and 
the evidence of which I am speaking may be summed 
up in the statement that the given symbol is accepted 
because it is consistent with this plan. Of course, such 
reasoning is not absolutely conclusive, and there is 
room for doubt, but so there ia in every dcpai-tment of 
seicnee. A part of the way we walk in the clear light 
of knowledge ; the rest of the way we gi'ope ; but it is 
only thus that we can penetrate the darkness of tho 
unknown, and we rely on that intelligence in man 
which finds its response in the intelligence of Natui'e, 
to direct oiir steps. 

Having now explained as fully as our time will per- 
mit the general nature of the evidence on vAich we 
depend for establishing the empirical symbol of a com- 
pound, I shaD not recur to it again, but shall regard it 
as sufficient to say that chemists are agreed that the 
symbol is thus or so. In the case of nitric acid, there 
is no question that the symbol of the molecule is 
HNOj, and, in like manner, KNO3 is the received sym- 
bol of nitre. How, now, shall we write the reaction wo 
last studied ? Simply thus : 

K-O-H + H-KOs = n-O-H + K-WOs. 

rotossio Hydrate. HitiioAcid. Wiitei'. Fotna^.: Nitrate, 

The reaction, then, consists merely in an interchange 
between the hydrogen-atom of the acid and the metal- 
lie atom of the alkali. It is, then, precisely similai' to 
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the reaction between sodic liydrate and liydroelilorie 
acid ; and, if, as I said before, these are only examples 
of what is true in the case of all alkalies and all acids, 
we are certainly justified in deducing from our experi- 
ments the following principles : First, an alkali is a 
substance whose molecnles have a definite structure, 
and differ from the molecules of water only in hav- 
ing a metallic atom in place of one of the hydrogen- 
atoms of the water-molecule ; secondly, an acid is a 
substance whose moleeales contain at least one atom 
of hydrogen, whieli is readily replaced by the metallic 
atom of the alkali when the two substances are brought 
together. 

As the illustrations already given indicate, the char- 
acterietic qualities of an acid depend upon the circum- 
stance that certain hydrogen -atoms in the molecnles 
of these substances are readily replaced by metallic 
atoms. In my next lecture, I shall show that this sus- 
ceptibility to replacement depends upon a definite 
molecular structure, but I must not leave this subject 
without insisting on the fact that this characteristic of 
acids is manifested in other ways besides the special 
mode we have been studying. A few experiments will 
illustrate this point : 

In this fl^k there are some wrought-ii'on nails. 
"W^e pour over them some mui-iatie acid, and warm tlie 
vessel. At once there is a brisk evolution of gas, which 
we are here collecting, in the usual way, over water ; 
and notice that, when lighted, the gas bm-ns with the 
familiar ilame of hydrogen. Mtiriatie acid is an old 
friend. "We know all about its constitution, and it 
is evident that the iron-atoms have replaced the hy- 
drogen-atoms of the acid. If wo evaporate the solu- 
tion left in the flask, we shall obtain a green salt cou- 
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of cliloi-ine and iron. The reaction is tlms 



As tlie iron-atom is Ijivalent, it takes the place of two 
atoms of hydrogen, which, when tlins displaced, form a 
molecule of hydrogen ^ 




,fHjOra( 



In the second flask are some zinc-clippings, and we 
will pom- over them some dilute sulphuric acid, one of 
the beat known of the class of compomidB we are study- 
ing. Again, notice a bi-isk evolution of gas (Fig. 31), 
which also, as you see, bums like hydrogen. Indeed, 
tliis is the process by which hydrogen gas 
made: 






H-H. 



In the reaction, which is here written, yon notice that, 
as before, the metallic atom takes the place of two 
atoms of liydi'ogen ; but sulphuric acid differs from 
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totb hydroelilorio acid and nitric acid in that each of 
its molecules lias two atoms of hydrogen, which can be 
thus replaced. 

Examples like these might be multiplied indefi- 
nitely. We will conclude, however, with one more 
experiment, which illustrates the same susceptibility to 
eubstitution, but under slightly different conditions. 
This white powder is called zinc oxide, and is a com- 
pound of zinc with oxygen. ^Notice that it dissolves 
readily in a poii.ion of the same dilute sulphuric acid 
used in the last experiment. Moreover, on evaporating 
the solution, we should obtain zinc sulphate (ZnSOJ, 
the same product as before. Wliy, then, is there no 
hydrogen gas evolved i Let our symbols tell ne : 
ZnO + H,SO, = H.O + ZnSO,. 

Zinc Oilde, Bulpburio AcU. Water, Zino Sulphnts. 

You see that the metathesis yields water instead of 
hydrogen gas, and the question is answered. 



loy Google 



LECTURE XII. 



ELECTEO-CItEJilCAL TDEOKY. 



If onr last lecture we saw that, wKether an aeid is 
brought in contact with an alkali, a metal, or a metallic 
oxide, one or more of the hydrogen-atoms in its mole- 
cules become replaced by metallic atoms from the mole- 
cules of the associated body, and this SBsceptibility to 
replacement was, as I stated, the distinguishing feat- 
ure of that class of compounds we call acids. But I 
should leave you with a very imperfect notion of these 
important relations, if I did not proceed further to 
illustrate that the class of compounds we call alkalies, 
and which we have been accustomed to regard as the 
very opposite of acids, have exactly the same charac- 
teristics. 

In this small glass flask thei-e are some clippings of 
the metal aluminum, the metaUic base of clay which 
has, within a few years, found many useful applica- 
tions in the arts. On this metal I pour a solution of 
caustic potash. Notice that, on heating the flask, I 
obtain a brisk evolution of gas. On lighting the gas, it 
bums with a flame which leaves us no doubt that the gas 
is hydrogen. "What, now, is the reaction ? Somewhat 
more complex than those you have, previously studied, 
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because the atom of aluminum haa a quantiralence of 
six. Moreover, in order to satisfy cei'tain very striking 
analogies, we write the symbol of this atom Ala, that 
is, we take 27.i m.e. of aluminum for the assumed 
atom, and represent titat by Al, although 54.8 m.e., 
which we write Al^, is the smallest quantity of the ele- 
ment of which we have any knowledge, or which 
changes place with other atoms in the numerous meta- 
thetieal reactions with which we are acquainted. Hero 

K-O-H 
K-O-II 

K-O-II 

K-o-n 
the Al, takes the place of six hydrogen-atoms, thus 
binding together what were before six distinct mole- 
cules of K-O-H into a single molecule of the resulting 
product. Evidently, then, the hydrogen-atom in the 
molecTile of tiie alkali has the same taeihty of re- 
placement as that in the molecule of the acid. Nor 
is this an isolated example, altliough, perhaps, the most 
striking we could adduce, and it illustrates a truth 
which was recognized long before tlie general adoption 
of the new philosophy of chemistry. Acids and alka- 
lies belong to the same class of compounds, and caustic 
potash and nitric acid are smiply the opposite extremes 
of a series of bodies in which all the intennediate 
gradations are fully represented. In our modern 
chemistry we call this class of chemical substances Ay- 
drcties, and we distinguish the two extremes of the 
class as alkaline (or basic) and acid hydrates, respec- 
tively. The terms alkaline and basic are here used 
synonymously, although the first is generally restricted 
to the old caustic alkalies, including ammonia and tlie 
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few compounds closely allied to them, which have heen 
recently discovered. 

Seeing, now, tliat the hydrogen- atom in the mole- 
cule of potassic hydrate has the same Eiisceptibility of 
replacement whose cause we are seeking to discover, 
and knowing, as we do, the straetiu'e of this alkaline 
molecule, may it not he a similar strnctare which de- 
termines the lilte susceptibility in the molecules of all 
acids ; for example, in those of nitric acid 1 Wliat, now, 
is the position of the hydi'Ogen-atom in the molecule 
which we have so often written, K-O-H 1 "Why, simply 
this. It is one end of a chain of three atoms which 
has an atom of the metal potassium at the other end, 
and an atom of oxygen connecting the two. Now, we 
ciiii write the symbol of nitric acid thus : 



ii-o-(stg). 



and you will observe that we thus satisfy all the condi- 
tions of quantivalence, and have a structure similar to 
that of potassic hydrate. As before, we have an atom 
of oxygen uniting the hydrogen atom with the other 
end of the chain ; but then this end of our moleeulai' 
structure is formed, not by a smgle atom, but by a 
gi'oup of atoms (WOa) which, nevertlieless, can be re- 
placed by metathesis just like a simple atom. 

Allow me here, however, to make a short digres- 
sion from the main line of my argument, in order to 
define an important term which we shall -liave frequent 
occasion to use during this lecture. By comparing the 
symbol K-O-H with H-0-(N02), it will be evident that 
the only essential difference between them is that the 
group NOj in the hist takes the place of the atom K in 
the first. It must be, then, the influence of this part 
of the molecule which dctennines the difference be- 
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tween a strong alkali and a strong acid. Now, such an 
atom or such a group of atoms, ■which appears to deter- 
mine the character of the molecule, is constantly called 
in chemistry a radical. Thus K la the i-adical of the 
molecule K-O-H, and NOj the radical of the molecule 
H-O-NOj ; but, while the potassium-atom is called a sim- 
ple radical, the group NO, foi-ms what is known as a 
compound radical. The influence of simple radicals in 
determining the qualities of their compounds has long 
been recognized. Indeed, the old chemistry laid alto- 
gether too much stress on this influence, regarding the 
qualities of a substance as deiived in some unknown 
but remote manner from the qualities of its elements, 
and wholly ignoring the effect of molecular structure 
on these qualities, which we now know to be at least 
equally gi'eat. It was a very great step forward when 
the Gei-man chemist Liebig fii'st recognized the truth 
tliat a gronp of atoms might give a distinctive charac- 
ter to a class of compounds just as effectively as an ele- 
mentary atom. These groups he first named com- 
pound radicals, and assigned some of the names by 
which the more important of them are still known, 
and we now speak just as familiarly of the compounds 
of cyanogen (CN), of ammonium (NH4}, of methyl 
(CH3), of ethyl (C3H5), etc., as we do of the compounds 
of chlorine, potassium, zinc, or iron. Moreover, each 
of the compound I'adicals, like a simple radical, has 
a definite quantivalence, hut, while the quantivalence 
of the simple radical depends on wholly unknoivn 
conditions, that of the compound radical depends on 
the quantivalence of the elemenbiry atoms of which it 
consists. Thus the radical NO^ is univalent because 
one only of tlie five bonds of the nitrogen-atom re- 
mains unclosed, as the symbol indicates. Examine, 
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also, tlie gi-apliic symbola of the otlier compound radi- 
cids mentioned above ; 

H H n HE 

V- -(C=N) H-0- II-o'-O- 

TI H H H H 

Ammonium. Cyanogen. Metijl. EtbjL 

In each ease, the number of bonds which are not closed 
determines the quantivaieuee. 

Ketiirning, now, to our comparison between K-O-H 
and H-O-NO2, we should describe tlie relntions of the 
molecules in a few words by saying thafthe acid and 
the alliali had molecules of the same general struetm-e, 
but differed in that the radical of the alkali was the ele- 
mentai'y atom potassium, while the radical of the acid 
was the atomic group NOj. 

As the result, then, of onr discnssion, we are led to 
the theory that acids and alkalies are compounds hav- 
ing the same general' molecular structure, and that the 
susceptibility to replacement of the hydrogen-atom or 
atoms, which all these compounds contain, depends 
npon the molecniar stnicture, while the differences be- 
tween acids and alkalies, and, we might add, the differ- 
ences between individual acids or individual alkalies, de- 
pends on the natm'e of the radical. Having been led 
thus far, the question next ai'ises, Can we trace any con- 
nection between the acid and alkaline characters of the 
compounds, on the one side, and the nature of the rad- 
icals, which appear to determine these features, on the 
other side 1 

The simple radicals, as they appear in the elemen- 
tary substances, may be divided into two great classes, 
the metals and the non-metals, the last class, by a sin- 
gular perversion of language, being frequently called 
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metalloidB, INow, the moat elementary knowledge of 
chemistry shows that, while radicals of opposite na- 
tures combine most eagerly together, two metals, or two 
elosely-alhed metalloids, show but little affinity for each 
other. These facts suggest at once an analogy between 
chemical affinity and the faifliliar manifestations of 
polar forces in eleetricifcy and magnetism ; where it is 
also true that the Hke attracts the unlike. Moreover, 
it is foimd tliat, when, in the various processes of elec- 
trolysis, chemical compounds ai'e decomposed by the 
electrical current, the different elementaiy substances 
appear at different poles of the electiical combina- 
tion. Thus, hydrogen, potassium, and, in general, the 
metals, are evolved at what is called the negative pole, 
while oxygen, cUorine, bromine, and the allied metal- 
loids, appear at the positive pole. It was, then, not nn- 
natural to refer these effects of electrolysis to the elec- 
trical condition of the atoms, and to assume that the 
atoms had an opposite polarity to that of the poles, to 
which they were attracted, and hence the metals came 
to be called electro-positive and the metalloids electro- 
negative radicals; and these facts were thought very 
greatly to confirm the notion that chemical affinity'is a 
manifestation of polar force closely allied to electrical 
attraction. 

As expounded by the great Swedish chemist, Berze- 
liuB, this electro-chemical theory gave new Hfe to that 
system of chemistry which, introduced into the science 
by Lavoisier and his contemporaries, has been only re- 
cently superseded. Corresponding to the duality of the 
electrical and magnetic poles, it was argued that there 
must be a duality in all clremical compounds, the ele- 
ments imiting by twos to foim binary compounds, the 
binaries again uniting by twos to form ternary com- 
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pounds, and so on ; and from tMs, its most character- 
istic feature, the old philosophy is now called the dual- 
istic system. As the knowledge of chemical compounds 
lias been enlarged, it lias been found that, whatever may- 
be the resemblances between electrical and chemical at- 
traction, the analogy faik in the very point on which the 
dnalistie system relied. But the chemists of the new 
school, in their reaction from dualism, have too much 
overlooked the eleetro-chemieal facts, which are aa true 
now aa they ever were. The distinction between posi- 
tive and negative radicals, based on their electrical rela- 
tions, is evidently a most fnndamental distinction, al- 
though, aa Berzelius himself showed, the distinction is a 
relative and not an absolute one. It is possible to clas- 
sify the radicals in one or moi'e aeries in which any mem- 
ber is positive toward all that follow it, and negative 
toward all that precede it in the same series, and this 
principle is as tnie of the compound as it is of the sim- 
ple radicals. Kow, it is in this difference between posi- 
tive and negative radicals that we shall find the origin 
of the diatinetive features of the acid and the alkali- 
Compare, again, the symbols of potassie hydi-ate 
and nit™ acid as we have now learned to write them — 
E-O-H and H-O-NOu— and seek, by the electro-chemi- 
cal classiiieation, to determine what are the electrical re- 
lations of the radicals K and NOj , to which, as I have 
said, we must refer the diatinetive features of these 
compounds. It will a.ppear that K, the radical of the 
alkali, is the most highly electro-positive, and NOj, the 
i-adical of the acid, one of the most highly electro-nega- 
tive of all known radicals. Moreover, if yon will ex- 
tend your study, and compare in a similar manner the 
electi'ieal relations of the other well-marked alkaline and 
acid hydrates, you will find that the radicals of the al- 
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kalies are all eleetro-poeitive, and the radicals of tha 
acids all electro-negative, and, fiu'ther, that the distinc- 
tive features of the alkali or the acid are the more 
marked in just the proportion that the position of the 
radical of tlie compoimd, in the electrical classification, 
is the more extreme. Lastly, those hydrates whose 
properties are indifferent, and which sometimes act as 
acids and sometimes as alkalies, will he found to contain 
radicals occupying an intermediate position in the same 
classification. 

In following, then, the path which theoretical con- 
siderations have opened, we have met with a most re- 
markatile class of facts. Alkalies contain radicals which, 
in the process of electrolysis, are attracted toward the 
negative pole of the battery, while acids contain radi- 
cals which, under the same conditions, are drawn towai'd 
the positive pole, and, in the proportion as the energy 
thus mutually exerted between radical and pole is the 
more marked, the acid or alkaline features of the hy- 
drates of the radical are the more pronounced. Here 
are the facts^ which no one will question ; and whiit, 
now, is the explanation of them ? "We can give only a 
theoretical explanation based on the analogies of polar 
forces, a mode of manifestation of energy of wliich the 
chemical force appears to partake, as the very phenom- 
ena of electrolysis indicate. 

If we carefully study what we Lave called the dis- 
tinctive features of acids and alkalies, they vrill be found 
to depend on this, that the hydragen-atoms of acids are 
readily replaced only by positivej and the hydrogen- 
atoms of alkalies only by negative radicals. In otlier 
words, with every hydrate the power of easily replacing 
its hydrogen-atom is only enjoyed by those radicals 
which are opposite in their electrical rektions to the 
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radical which Uie hydi-ate ah-eady contains. This will 
be found to be the one characteristic to which all that 
is peculiar to either acid or alkali can be refeiTcd, and 
if we can explain tiiis we have explained all. 

The explanation we would offer is as follows : The 
oxygen-atom with its two bonds, -0-, is in a condition 
similar to that of a bar of soft iron, susceptible of mag- 
netism. Wlien we unite the atom by one of these 
bonds with a positive radical, we produce an effect sim- 
ilar to that obtained by placing in contact with one end 
of such an iron bar a powerful magnetic pole. Under 
these conditions, as is well known, the two ends of the 
bar become strongly polar, the i'ai'ther extremity ac- 
quiring a polarity of the same kind as that of the active 
pole ; and so, in the case of our oxygen-atom, a posi- 
tive radical united at one bond seems to polarize the 
atomic mass, and make a positive pole at its other end. 

Magnet E 



a 



Fm'thermore, if we bring a lump of nickel in contact 
with the free pole of an iron bar, in the condition thus 
described, magnetic attraction will be developed in the 
mass of the nickel, a negative pole will be formed at the 
point of contact, and the lump will adhere. So, also, 
we may suppose that a similar effect is produced on the 
somewhat indifferent hydrogen-atom, which, added to 
K-0-, makes up the alkaline molecule — 

K-O^-K 
Lastly, if we bring near the now loaded polo of our 
iron bar — to which ive wdl assume there is attached 
as large a lump of nickel as it is capable of holding 
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—a lump of soft iron, the pole will di-op tlie nickel 
and take the iron. In like manner, if we bring near 
onr alkaline-molecule a radical, like NO^, which has, 
by its own nature, or ia capable of receiving by induc- 
tion, a higher degree of negative polarity than the hy- 
drogen-atom, then the molecule drops the hydrogen- 
atom and takes the radical. 

Again, start with the same oxygen-a,tom with its 
two possible poles, and unite it by one of its bonds to 
a negatiiie radical, it is evident that an opposite effect 
will be produced to that desciibed in the last paragraph. 
The hydrogen-atom united to the remaining bond will 
now become by induction electro-positive, thus : 

and, consequently, if we bring near the molecule a rad- 
ical like K, which, by its natm-e, has a highly electro- 
positive polarity, the molecule will drop the hydrogen 
and take in its place the potassium atom. It is the 
preference for a negative radical in place of its hydro- 
gen-atom which makes the first moleeulo alkaline, while 
it is a similar preference for a positive radical which 
renders the second molecule acid ; and these preferences, 
as we now see, are manifestations of energy similar to 
those with which we are familiar in that well-known 
mode of polarity called magnetism. 

Let me not, however, be understood to imply that 
the analogy here presented is perfect, or that it can be 
followed out into details ; for this is far from being 
true. If chemism is, as it seems to be, a mode of 
polar action, it manifests characteristics which find 
their parallel in electrical rather than in magnetic phe- 
nomena. One instance of the foilnre of theanalogy 
I have drawn we meet at once — and you have probably 
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already detected it — in that important but small class 
of acids of which hydrochloric acid is the type. The 
molecules of these compounds consist of a single hy- 
di'ogen-atom united to a highly-negative radical, and 
this hydrogen-atom has the same susceptibility of re- 
placement by positive radicals, which is the essential 
characteristic of the acid hydrates we have been study- 
ing. These molecules contain no oxygen, and how, 
you may ask, can the theory of the constitution of acids 
and alkalies we have been expounding apply to them ? 
The only answer we can give is, that they appear to 
present a simpler type of polarity, to which, though 
unlike magnetism, we have a parallel in the phenomena 
of electricity. 

Take, for instance, the molecule of hydrochloric 
acid, HOI, the best example of its class. In tliis the 
chlorine-atom seems to have a svngl^ pole, which is 
strongly negative, and by its influence there appeai-s 
to be induced an opposite pole, also single, in the atom 
of hydi'ogen. If, now, we bring near to this binary 
group an atom like Ifa, which either has by itself, or 
is capable of acquiring by induction, a higher degi'ee 
of positive polarity than PI, then the chlorine pole drops 
the H and takes the Na. 

In the polar condition thus developed, the two op- 
posite poles are on different atoms, and not only are 
the two atoms separable, but the positive or negative 
virtue appears to be inherent in the atom, and is trans- 
ferred with it. A magnetic pole, on the contrary, is 
always associated witli its opposite on the same mass of 
metal, and, if the mass is divided, two poles are found 
on each of the fragments, and so on indefinitely, however 
far the division may be carried. In the phenomena of 
statical electricity, however, we have a well-defined 
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condition of polarity, to which t!ie example of cliemism 
we have been just discussing appears to be closely al- 
lied. If a pitli-ball, electrified positively (or vitreous- 
ly), is brought near a similar ball electrified negatively 
{or resinously), they attract each other, and the one be- 
comes the pole of the other. If, now, the two are sep- 
arated, each eames with it its electrical charge, and 
the peculiar virtue it has in consequence of that charge. 
But, though the two poles may thus be separated, and 
cease to have any relation to each other, yet they do 
not become isolated in any proper sense of that term, 
for each of the electrified bodies draws, by induction, 
an electrical charge, opposite to its own, to the extrem- 
ity of the nearest conductor, and this charge becomes 
a new pole. An isolated pole is, in fact, a contradic- 
tion of terms. Polarity implies an opposition of rela- 
tions, which involves two poles, and electrical polarity 
differs from magnetic polarity chiefly in the circum- 
stance that the two poles are separate bodies. Tlie mag- 
netic poles are the ends of a polarized bar of iron, while 
the electrical poles are the boundaries of a mass of po- 
larized dielectric, usually air, which intervenes between 
the oppositely electrified bodies ; and every diarge of 
electricity is just as closely associated with an opposite 
charge resting on some conductor beyond the insulating 
dielectric, as one magnetic pole accompanies the other. 
Now, it is worthy of remark that this indissoluble 
association of opposite poles, which we must expect to 
find in chemical phenomena, if chemism is, as we sup- 
pose, a polar force, is actually manifested in a striking 
class of facts. The univalent atoms wliieh, like those 
of chlorine or sodium, act as single poles, are never 
found isolated, but are always associated in a mole- 
cule with at least one other atom which forms the op- 
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posite pole of the molecular system, and, although the 
two poles of a molecule like HCl can be readily sepa- 
rated, the atoms do not remain isolated, but immedi- 
ately form new associations, as in this very case, where 
the atoms of hydrogen pair off into molecules of hy- 
drogen gas (H-H), and those of chlorine into molecules 
of chlorine gas {01-01), which are polar systems similar 
to those destroyed. On the other hand, bivalent atoms, 
like those of merairy or zinc, which have two poles, and 
may, therefore, constitute a complete polar system, each 
by itself, are sometimes found isolated, and foi-m tliat 
class of molecules, previously described, in which the 
molecules consist of single atoms. The phenomena of 
qaanti valence, also, which are such a characteristic feitt- 
nre of what we may now call chemical polarity, have 
their parallel in the phenomena of multiple poles, so 
familiar in magnetism, and may be caused by the same 
polar force acting through atoms of different shapes, 
and susceptibility to its influence ; and the fact already 
referred to, that, in the variations of quanti valence, two 
bonds always appear or disappear at a time, is a strong 
confirmation of this theory ; for, as has been said, one 
pole implies an opposite of equal strength, and the two 
must stand or faU together. It woxdd be a further con- 
sequence of the theory that, although atoms of any 
even degree of quantivalence (artiads) might become 
isolated in molecules, tbose of an uneven degree {peris- 
sads) could not ; and this also we find to be true so far 
as observation extends ; but the number of elementary 
substances whose molecular weight has been directly 
determined is comparatively small, and those whose 
molecules are known to consist of single atoms, al- 
though all artiads, are only bivalent. 

Keturning now for a moment to the simple type of 
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polarity presented by tlie moleaile H-Cl, let me call 
yoar attention to the fact that the polarity of the ordi- 
uary acid hydrates is but a modified form of the sim- 
pler type, and this will be obvious on comparing the 
symbol of hydrochloric acid with that of hypochloroua 
acid, from which it differs only by an atom of oxygen : 



You will notice that the atoms 11 and CI are the poles 
of both systems, and that the oxygen-atom in the last 
is analogous to an armature between two magnetic 
poles, or, perhaps, more closely to a prime conductor 
between two oppositely-electrified balls : 

© ( ~ + ) Q 

H 01, 

Hj'pochloTOiis acid illusti'ates this relation more strik- 
ingly than nitric acid, onr previous example of this 
class of compounds, bnt it is not nearly so stable a sub- 
stance, and has never been obtained in a pure condi- 
tion. Nitric acid differs from hypoehloroiis acid in con- 
taining a compound in place of a simple radical — 



3-(N0a). 



and the presence of compound radicals, often very com- 
plex, in the molecules of all the well-marked acids, ne- 
cessarily- increases the difficulty of interpreting their mo- 
lecular structure, since the symbols may frequently be 
grouped in several ways without violating the principles 
of quantivalence. Our theory of the molecular struct- 
ure of acid hydrates cannot, therefore, afford to waive 
the important evidence in its favor which has been ob- 
tained from recent investigations, and, as I am anxious 
to estabhsh it on such a firm foundation that it may be 
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taken as a basis in our further inv^tigations of mo- 
lecular structure, I must ask you to listen patiently to 
the few additional points I have to present. 

The element carbon forms, with oxygen, besides the 
compound earbonie dioxide, which we have already 
studied, a second compound, called carbonic oxide, 
which has the symbol C^O. In this molecule two of 
the bonds of the carbon -atom are unemployed, or, 
rather, neutralized by their mutual attraction. Hence, 
these molecules are veiy much in the same condition 
as the atoms of mercury or zinc, when acting as mole- 
cules, and, like them, the molecule GO 'can enter into 
direct combination, as a bivalent radical. Sti-iking in- 
stances of such combination are the formation of phos- 
gene gas by the direct union of carbonic oxide with 
chlorine gas, under the influence of sunlight, and the 
burning of carbonic oxide, when the same molecules 
unite with an additional atom of oxygen to form car- 
bonic dioxide : 



O 



CO 



Kow, if potassie hydrate, K-O-H, is gently heated 
in an atmosphere of carbonic oxide, a slow but regular 
absorption of the gas takes place, and the potassium 
salt of a well-known acid, called formic acid, is the re- 
sult, and, from a mixture of this salt with sulphuric acid, 
we can readily distill off the acid itself. Formic acid 
being volatile, we can detennine with certainty ita 
molecular weight, and, since an accurate analysis is also 
possible, there is no doubt whatever that the symbol 
HgOjC expresses the exact composition of its molecule. 
But how are these atoms arranged ? As data for solv- 
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ing this protlem, we have, in the first place, the loiowii 
quail tivaleuce of the several atoms, and, in the second 
place, a knowledge of the fact, acquired in studying the 
phenomena of combustion, that, it^ in the reaction by 
which formic acid was produced,' the two atoms of 
the radical CO had been parted, an enormous absorp- 
tion of heat must have attended the chemical change. 
But no such thermal effect, nor any of the phenom- 
ena, which would naturally accompany it, have been 
noticed, and we therefore feel justified in concluding, 
that the radical CO exists as such in formic acid, as 
the direct absorption of the gas by caustic potash would 
seem to indicate. The only question that remains is, 
how the other atoms are grouped arotmd this radical, 
and the quantivalenee of the atoms permits hut one 
mode of gi'ouping, as follows : 
O 
H-O-C-H. 

In this molecule there are two atoms of hydrogen, 
one united directly to the carbon-nucleus, the other also 
united to the same radical, but only indirectly through 
the atom of oxygen which intervenes. Now, are botii 
of these hydrogen-atoms equally susceptible of replace- 
ment? We, find not. If we neutralize the acid by 
potassic hydrate, we obtfiin the same potassium salt 
which was formed by the dii'ect union of the alkali 
with carbonic oxide, and analysis shows that this salt 
contains just one-half as much hydrogen as the acid 
from which it was formed, and, by no metathetical re- 
action whatever can we succeed in replacing the re- 
maining atom. 

Evidently, then, the two atoms stand in very differ- 
ent relations to the molecule ; but which was the one 
replaced ? As to this point, we have the most conclu- 
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sive and abundant evidence. We need call, however, 
but a single class of witnesses. Formic acid is the first 
of a aeries of volatile acids, and the molecules of the soc- 
eeaaive compounds which form tlie steps of this series^ 
differ from each other by the common difference CHj. 
The second member of the series is acetic acid, which, 
in a diluted condition, is used as a condiment with our 
food under the name of vinegar. The composition of 
pure acetic acid is represented by the symbol H4O2C2, 
and the molecule of this acid, therefore, contains four 
atoms of hydrogen. But of these only one is replaceable 
— as in formic acid — and the same is true of all the acids 
of this class, although the molecules of the last member 
of the series contains no less than sixty hydrogen-atoms. 
Moreover, acetic acid — Uke formic acid — contains two 
atoms of oxygen, and two corresponding atoms — and 
only two — appear in the molecules of all the other 
membera of the same series. Add now the further 
fact, which will be illustrated more fully hereafter, that 
several of the compounds in the series have been pre- 
pared from formic acid hy processes which show thnt, 
if the radical 

O 

H-0-0- 
exists in the molecule of this, the- first member of the 
series, it must also form a part of the molecules of ail 
the other members, and you will he prepared, I think, 
to answer the question proposed above. The facts stated 
may be almost said to prove that in all these molecules 
one, and only one, atom of hydrogen is united to the 
radical by an atom of oxygen, and this must be the sin- 
gle atom which in all these compounds is snsceptible of 
replacement. "We may, therefore, write the symbol oi' 
formioadd- g_-o-„(o-OH), 
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and regard tlie molecule as having a polar condition 
like that we attributed to tlie moleenle of nitric acid. 

Here, then, is a well-marked acid, in regard to tlio 
Btriictnre of whose molecule there can be no reasonable 
doubt, and the conclusion we have reached in regard 
to it harmonizes completely with that we had pre- 
viously foimed in regard to the stiiicture of the mole- 
cule of nitric acid on wholly different grounds. Such 
a concurrence of testimony gives us gi'eat confidence 
in the tlieory we have advanced in regard to the con- 
stitution of this class of substances, and we may cer- 
tainly accept it as a trustworthy guide in the further 
prosecution of our study. 

It will not, of course, be for a moment inferred 
that we regard the argument now concluded as demon- 
strative. We have been advocating what we have 
expressly called a theory, and all we claim is that the 
evidence advanced is sufficiently conclusive to render 
the theoiy credible, and that the theory is of gi'eat val- 
ue, both by giving us a more comprehensive grasp of 
the facts with which we have to deal, and by helping 
us to associate the supersensuous phases of molecular 
action with the visible phenomena of magnetism and 
electricity. 

Having then stated, as fully as the circumstances 
will permit, the evidence on which our theory of the 
constitution of acids and alkalies rests, in the case of 
a few of the simpler of these compounds, I must, as 
regards the molecular structm'e of the more complex 
compounds of the same type, content myself with mere- 
ly stating results, only premising that the conclusions 
rest on evidence similar to tliat already adduced. 

Beginning with the series of volatile acids, of which 
formic and acetic acids are members, let me fii'st call 
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your attention to the following symbols, which, as we 
believe, represent tlie molecular structure of tliese 



li'ormio acid H - O ^ {0 - U) 

O K 

Acetic acid H - O - (0 - - 11) 

I-I 
O H H 

Propionic aeiil n-0-(0-0-C-lI) 

II H 
O II II 11 
Normal butyric acid ... . IT - - (0 - - - C - 11) 
E II I-I 

o n II n II 

Normal vtilcric acid H-O- (0-0-6-0-0-1!) 

li H H li 
Ail the above compounds have been thoroughly inves- 
tigated, and all the symbols given above rest on as 
good evidence as the first. All these compounds have 
the same general structure, and the same system of 
polarity, as the simpler hydrates, and they may be re- 
garded as derived from formic acid by successive sub- 
stitutions of 



H 

for the final hydrogen-atom of the negative radical. 
Lastly, notice tlic binary group, II-0-, which plays such 
an important part in these and all similar moleciiles. 
This group of atoms, or radicals, has been named hy- 
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droxyl, and, for the future, we sliiiU find it convenient 
to employ this term. 

In all the examples thus far cited, in illustration of 
our theory of the molecular structure of acid and alka- 
line hydrates, the molecule has contained but one hy- 
droxyl (HO) group, and therefore but one replaceable 
hydrogen -atom. Such hydrates ai-e said to be mono- 
atomic. While, however, the univalent radicals, which 
these compounds all contain, can only bind one 
hydroxyl group, a bivalent radical may be associated 
with two such groups, a ti-ivaleht radical with three, 
and so on. In the resulting compound there will be as 
many replaceable atoms of hydrogen as there are hy- 
droxyl groups united to the radical, and the. number of 
these replaceable atoms measiires what is called the 
atomicity of the compound. We are now prepai'ed to 
define also the term hydrate, that we have so frequently 
used in this lecture to designate the class of compounds 
to which all the alkalies and most of the acids belong. 
A hydrate is, simply, a compound of hyd-i-oxyl, mid is 
Tnonatomie, diatomic, triatomio, etc., accordrng as it con- 
tains one, two, three, or more hydroxyl groups. Let me 
illustrate this important principle by a few examples 
of hydi'ates of multivalent radicals, beginning with 
those in which the radical is bivalent. 

At the boiling-point, metallic magnesium slowly de- 
composes water, liberating hydrogen gas — 

3H,0 -f. Mg = MgO,H, + H-H 

"Water. MsgoeBiimi. Mogneak Hydrate. Ilj-drogen Sas. 

In this reaction the bivalent atom of magnesium 
binds together two molecules of water to form a mole- 
cule of magnesic hydrate, whose structure may be rep- 
resented : 

H-O-Ms-O-H. 
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The molecule of common slacked iime, calcic lijdratc, 
has a Bimilar atnicture : 

H-0-Oa-O-II. 

Culcio Hyfltate. 

These two hytlratea are both alkaline, but there are 
corresponding acid hydrates, among which are num- 
bered the two very important chemical agents called 
siilphm-ic and oxalic aeids, whose molecules are sup- 
posed to have the structure indicated by our diagrams : 
O 

H-O-S-O-n H-O-C-O-O-H 

II Osalic Add. 

o 

Eulphm-ic Ad3. 

Compounds like the last four are said to be diatomic ; 
for there are in each case two hydi'oxyl groups, and 
therefore two easily-replaceable atoms of hydrogen, and 
this is shown, in the case of the acids, by the fact that, 
when wholly or one-half neutralized with caustic soda 
or potash, they give two different salts, in one of which 
the whole, and in the other only one-half, of the hy- 
drogen of the acid is replaced. Thus, we have— 


H-0-S-O-Na Na-O-S-O-Na 





Dlsodie Sulphate. 


So also— 







H-0-C-O-O^E 


K^O-0-0-6- 

Dlpotiissic Oxalate. 



If, however, we" neutralize these dibasic acids with 
magnesic or calcic hydrates, we can obtain but one 
product, because the bivalent atoms Mg and Oa replace 
the two hydrogen atoms at once. The salts thus ob- 
tained have the symbols : 
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^S\0^''%0 0-0-0 

Magueslc Snlphnte. Culdo Onkte. 

It may, perhaps, avoid some eonfiision to repeat 
here tlie remai'k already made, that the position or 
gi'onping of the symbols on the diagram is wholly ar- 
bitrary beyond the relations which the dashes indicate. 

Pass next to hydrates which contain three liydroxyl 
groups, and are, therefore, said to be triatomic. Of 
these we shall only cite two examples : 

H II 

6 6 

i-i-o-R-o-n n-o-p-o-ii 

o 

Flinspliofic Add. 

The triatomic character of phosphoric acid is shown by 
the fact that it can be neutralized by caustic soda in 
three successive stages, and gives three compounds, one 
of which contains no hydrogen, and the others respec- 
tively one-third and two-thirds as much as in the corre- 
sponding quantity of the acid. The names and symbols 
of these salts are as follows : 



This abbreviated form of notation can be easily under- 
stood, and requires no further explanation. It saves 
space in printing, and gives all the data required for 
constructing the graphic symbols. 

Of hydrates containing four hydroxyl groups, there- 
fore, tetratomic, the most familiar is silicic hydrate — 
H-Ox„.xO-H 

n-0''"'\0-H 

but tliis substance is very unstable, and hitherto it has 
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been impossible to prepare it of constant composition. 
The instability is due to a cause wbicb is iulerent 
in many of the move complex molecular structures. 
Wliererer there is a tendency in the atoms to group 
themselves, so as to better satisfy their mutual affini- 
ties, a slight cause is sufficient to destroy the balance 
of forces on which the existence of the molecule de- 
pends, and the structure breaks up into simpler parts. 
The explosion of nitro-glycerine waa a conspicuous ex- 
ample of this principle, and we liave, in these complex 
hydrates, another illusti'ation of the same. It is evi- 
dent, from the vei'y great amount of heat evolved in 
the direct union of oxygen and hydrogen gases, tliat 
the molecules of water are in a condition of great sta- 
bility, and the hydrogen and oxygen atoms, which are 
associated in such numbers in the molecules of the 
more complex hydrates, are constantly tending to this 
condition of more stable equilibrium. Indeed, these 
compounds give off water so readily, either spontane- 
ously or at the slightest elevation of temperature, that 
they were fonnerly supposed to contain water, as such, 
and hence the name /i^/drates (from vBap, water), which 
has been retained in our modern nomenclature, al- 
though witli a modified meaning. 

Since the number of oxygen and hydrogen atoms 
in the several hydroxyl groups united to the radical of 
a hydrate must necessarily be the same, it follows that 
the formation of every molecule of water must be at- 
tended with the liberation of an atom of oxygen, and, 
when a hydrate breaks up, these atoms frequently unite 
with the radical to form compound radicals of lower 
quantivaleneo. Thus we liave formed from the noimal 
silicic hydrate, by the elimination of successive mole- 
cules of water, the following products : 
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H-0-Si-O-IT Si--0 0-SL-O 

O O 

H I'r 

Kormal Hydi-ite. First Anhyrtiide.i Second dnliydiiae. 

The atoms of oxygen liberated as just described 
may also bind together several atoms of silicon, and 
thus give rise to still more complex groups, such as — 



n-0-Si-O^Si-O-H II-0-Si-O-Si-O^Si-O-H 



O O O 

H H H H 

These comiiotuida may be regarded as formed by the 
coalescing of two or more molecules of the normal hy- 
drate, and the eUmination from these combined mole- 
cules of successive molecules of water as before. The 
following table will illustrate what is meant : 



El 0, Si 


3(11, 0, Si) 3{IT, Oi Si) 


H, 0, SiO 


ir„ 0, SiiO H,„ Oi„ Si=0 


SiO, 


II, 0, 8i.0i IT3 O3 SisO. 




Hi 0. Si,0, Ho Oo SioO, 




2SiOa IL O4 SUO, 




II. Oa Si=0= 




SSiO, 


'A componnd derived from a hydrate by the eliminiition of ivftter 


called an smhydride. 
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The table might be extended indefinitely. It is true 
that not every member of these aeries is even theoreti- 
cally a possible eompound ; but, by attempting to write 
the sj'mbols in the more grapiiie form, those eases in 
which the atoms cannot be grouped in a single mole- 
cnle will be readily distinguished. 

ATe have in this glass a solution of sodie silicate, 
which is commonly called soluble glass. On adding to 
the solntion some muriatic acid, you notice that there 
is at once foi-med a white, buUcy, gelatinous mass. 
This is supposed to be the normal silicic hydrate, but, 
wlien wo attempt to wash and dry the substance for 
the piu'pose of analysis, it begins to lose water, and 
we have found it impossible to arrest the change at any 
definite point. In the process of drying, the various 
hydrates, whose symbols we have given, are probably 
produced, but only as passing phases of the dehydra- 
tion, and these symbols would be wholly ideal were it 
not that, on replacing the hydrogen-atoms by metalHe 
radicals, we obtain products of gi-eat stability. The 
compounds to which I refer are the mineral silicates 
that foim so large a part of the minerals and roclsis of 
the globe. The two following well-known, although 
not abundant, minei'als coiTespond, for example, to the 
normal hydrate and its first anhydride respectively : 

Mg(g)Si<g)Mg Ca(g)Si = 

Magnealn CBcyaolite, Wollastonito. 

and the symbols show that the molecular structures we 
have described above are realized in these natural prod- 
ucts if not in the hydrates. The molecular structure 
of some of our most common minerals, such as feldspar 
and garnet, corresponds to that of some of the most 
complex hydrates, with radicals consisting of several 
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silicon-atoms ; but, we sliall nnderstand better the man- 
ner in which these highly-complex molecules are built 
up, after we have become acquainted with a remarkable 
hexatomic hydrate, whose well-marked sexivalent radi- 
cal plays a veiy important part in their stmcture. 

No definite pentatomic hydrate is known, but of 
hexatomic hydrates there are several noteworthy ex- 
amples. The one referi'ed to in the last paragraph is 
the hydrate of aluminum. The normal hydrate of tliis 
element, and the several anhydrides which may he 
formed from it by the elimination of successive mole- 
cules of water, are all well-deflned mineral substances. 
The following table shows the relations of these com- 
pounds to each other, and also to certain other mineral 
substances in which the hydrogen- atoms have been re- 
placed : 

Al,"0."'fft 0=Al,sO.Jn. ^1 11 0="A1, 

0=Al,iO,ESi O il^O f 

Anii^JusIte. Clujsob 1 

It would be interesting to repiesent m i r,iaphic form 
these molecules, but I can leave this to j our own study, 
and close my illustrations of the subject with two or 
three examples of the veiy highly-complex molecular 
structures which the salts of aluminum present, and in 
which the mode of atomic grouping is less obvioua : 

= S^0 












n 


II 


■ Al 


-Al-0 


-s- 




R 





6 


6 


H 


II 


= 


sCo 








inlciAluuKdifed 


■] 
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o°- Ai-Ai -"a 



K - - Si - - Al - Al - O - ^i - - K 



lelilspnr (Oiiliodsae). 

In arranging these symbols for our diagrams, we natu- 
rally seek a symmetrical disposition ; but it mnst not be 
forgotten that every tbing beyond the number of atomic 
bonds, and the relative position wliich the dashes indi- 
cate, is purely arbitrary. 

I have dwelt at this length on the tlieory of the 
acid and alkaline hydrates, because it ia just here that 
the distinction between the new-school and the old- 
sehool chemistry chiefly appears. The dimlistic theory, 
which originated with Lavoisier, and was extended and 
illustrated by Berzelius, was based on the very class 
of facts we have been studying in the two preceding 
lectures of this course. At the time of Berzelius, the 
elements, the acids, the alkalies, or bases, and the 
large class of compounds called salts, made up very 
nearly the whole of chemistry, and, of the facts then 
known, the dualistie theory gave a satisfactory explana- 
tion. It was the natural outgrowth of the discoveiy 
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of oxygen gas, that universally-diffused clement witli 
which all other elementary substances combine, and of 
Vv-liose coinpounda almost tlie ■whole of terrestrial Nature 
consists. Lavoisier inferred that oxygen must be the 
themical centre in the scheme of Nature, and he there- 
fore made its compounds the basis of a new classifica- 
tion, which, subsequently, Berzelius greatly systema- 
tized and improved. In this classification the com- 
pomids of the elements with oxygen were divided into 
two classes : Those which, when dissolved in water — 
combined with it we should now say — gave an acid re- 
action, wei'c called acids j while those which, under the 
same circumstances, gave an alkaline reaction, were 
palled bases. It was known then, as well as now, that 
these reactions conld not be obtained without the pres- 
ence of water, and that the larger part of the oxides, 
being insoluble in watei-, do not give the reactions at 
all ; but, then it was supposed that the water acted 
only through virtue of its solvent power, that some 
other solvent would do as well, and that the insoluble 
oxides would give the same reactions if only an appro- 
priate solvent could be found. Hence, these insoluble 
oxides were classed with the acids or bases, according 
as they combined most readily with bases or acids re- 
spectively. The insoluble SiOa combined with soda, 
like the soluble SOg, and hence was classed with it as 
an acid. So the insoluble FeO combined with snlphu- 
rie add, like the soluble CaO, and hence was classed 
with the last as a base. Again, the neutralizing of an 
acid by an alkah had all the appearance of direct combi- 
nation, and, in all these processes, the acid oxide was as- 
sumed to unite with the metallic, or basic, oxide to form 
what was called a salt. The presence of the water, and 
the fact that it facilitated the chemical change, wero not 
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ignored, but, as before, it was supposed to act in virtue 
of its solvent power, and a Btiffieient number of eases 
were known where the same eompounda could be ob- 
tained with and without the aid of water to render this 
opinion not improbable. Take a single example : Phos- 
phate of lime may be made in two ways : first, by add- 
ing to a solution of lime in water a solution of phos- 
phoric acid : 

(3Ca'0s--I-ri + aHj^Oi^PO + Aq.) = 

Oaj"06"(PO)a + (6IL0-H + Aq.). 

Secondly, by uniting lime, the oxide of the metal cal- 
cium, directly to PaO,, the oxide obtained by bnniing 
phosphorus (page 185) : 

SCaO -1- PaOt = 80aO,PaO,, or Oaa"Oo"(PO),. 
In the last reaction there is no water present, and the 
first reaction was formerly supposed to be a case of 
similar dii'ect union between CaO and P3O3, the only 
dilference being that the two oxides were in solution : 

S(CaO,HaO) -I- SHsO.PiOs = SCaO.PsOs -1- OnjO. 
Accordingly, it was customary to write the symbols 
as in this last reaction, separating the acid from the 
basic oxide by a comma. Here are a iew other exam- 
ples: 

CaO.SOj FeO,SOs ZnCFiOi,. ' 

Bulpiale of JJme. euJpLotoofliofl. Mllnitc ofZinn. 

As expounded and illustrated by Eerzelius, the 
dualistic theory had the charm of great simplicity, and 
was greatly strengthened by the electro-chemical facts 
which he brought forward in its support. The division 
of the elementary substances into electro-positive and 
electro-negative elements corresponded vety closely to 

' To avoid confusion, all our aymbola stand for the new atomic 
iveights, and tTiie must be lemenibeied in compaiing these fovmulss witli 
those in the old books. 
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the distinction between metals and. metalloids. Bases 
were compounds of electro-positive elements with oxy- 
gen ; and acids, on the other hand, the oxides of electro- 
negative elements. Again, among these binary com- 
pounds the basic oxides were electro-positive, and the 
acid oxides electro - negative. Moreover, the wider 
apart in their electrical relations, the stronger was seen 
to be the tendency of both the elements and of their 
oxides to combine, and, just as the metals united to 
metalloids, so bases united with acids. Thiis was formed 
the class of ternary eompotmds, called, as above, salts.' 
Among these, also, conid be distinguished a similar op- 
position of relations, although less marked, to that be- 
tween bases and acids, and, from the union of two salts, 
resulted the class of quaternary compounds, or double 
salts. In this way the theory advanced from element- 
ary suhataneea to the most complex compounds thi'ough 
the sueceesive gi'adations of binaries, tei'uaries, and qua- 
ternaries ; the elements or compounds only combining 
with substances of the same order, two and two togeth- 
er, like two magnetic poles, or two electrified bodies. 

This duaUstic theory was certainly a most admira- 
ble system^ and served the purposes of a rapidly-grow- 

■ The word salt was used in chetniatcy Tery early to describe any 
Killna Bubstance resembling esternally conunOQ Salt; but, under Ibe 
dualistio BjEtem, the term came to be applied to tliat clnss of eompounds 
nliieh were Buppoaed to be fotmed bj the union of basio and acid osides, 
ns desaribed above. Abeurdly enoi^h, however, common Bolt was thus 
ruled oat of tlievery olaaa of componnda of wMohithadpreTiousljbeeii 
regarded as the type, and Berzelius, in his electro- chemical elasBificfttion, 
made a dtstinct family of those snbstaneea which resemble oonunon salt 
in their chemical compoBition, and etiUed It Che hahiih. Cut this came 
— hodim' rcaiiMing sail — only rendered the anomaly the move glaring, 
nnd it was always a biemlah on the dualistio systera. In the modHi'n 
chemistry, the word salt, altiiougb still used as a desoriptive niime, b^ 
no technical meaning. 



1, Google 



WHEKEIf) TI!E DUAIJBTIC TIIEORT I^AILED. 205 

ing seience for more than half a centuiy. Wg now 
feel assured that the old theoiy undervalued essential 
eircumetances, and miainterpreted important facts. "We 
maintain that hydrogen is an essential, not an accident- 
al constitoent of all aeida and all alkalies, and that, 
when the alkali is neutralized by the acid, the reaction 
consists in the replacement of tliia hydrogen, and not 
in the direct imion of two oxides. Nevertheless, given 
the old facts, the old theory was logical and consistent, 
and it is no longer tenable, not because the old facts 
have changed, hnt simply because a whole new order 
of facts has been discovered by which the old facts mnst 
be interpreted. During the last twenty-five years there 
has been discovered a great mass of truths, connected 
chiefly with the compounds of carbon, in what was for- 
merly called the domain of organic chemistry, and this 
is to-day the most prominent and attractive portion of 
our science. Moreover, the law of Avogadro and the 
doctrine of qnantivalence are two new principles which 
our modem science has added to the old chemistry, and 
tliese principles have supplanted the dualistie theory. 
Let us not, however, xmdervalue the old theory. It 
was an important stage in the progress of seience, and 
a noble product of human thought. Theories are 
means, not ends ; but they are the appointed means by 
which man may raise himself above the low level of 
merely sensuous knowledge to heights where his intel- 
lectual eye ranges over a boundless prospect which 
it is the special privilege of the student to behold. 
What tliongh his vision be not always clear, and his 
imagination fill the twilight with deceptive shapes 
which vanish as the light of knowledge dawns ; yet, 
to have enjoyed the intellectual elevation, is reward 
1 for all his devotion and all his toil. 
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) THE SYA'TnESIS OF OKG-AiTC COairOI'NDSi. 



Havihg, in the previone leetnres of this eoiir6e,macte 
you familiar witli the conception that the molecules of 
every substance have a de:finite atomic structure, whieh 
is a legitimate object of scientific investigation, I en- 
deavored in my last lecture to illustrate, by numerous 
examples, the mode now generally employed in chem- 
istry of exhibiting this stiiietnre by mcEins of what are 
called structural formulse, and, during the whole course 
of these lectures, it has been a chief object to develop 
the fundamental principles on which these foi-mulaa arc 
based, in order that, having reached this stage, you might 
be able to see for yourselves that they were legitimately 
deduced from the facts of obsei-vation. I have freely ad- 
mitted that they were the expression of theoretical con- 
ceptions which we could not for a moment believe were 
realized in I^^atiire in the concrete forms, which our dia- 
grams embody. But I have claimed that they were at 
present our only mode of representing to the mind a 
large and important class of facts, and were to be val- 
ued as the first glimpses of some great, general truth, 
toward which they direct our investigation. Theories 
are the only lights with which we can penetrate the 
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obsGurltj of the unknown, and tliey are to be valued 
just BO far as they illuminate our path. This ability 
to lead investigation is the only true teat of any theory, 
and it will be my object in this my last lecture to show 
that the modem chemical theory of molecular struct- 
ure has a claim to be regarded as one of the most val- 
uable aids to discovery ■which science has ever received. 
The illustrations of molecular structure thus far 
studied have been mostly taken from those classes of 
compounds long Icnown in chemistry under the names 
of acids,'bases, and salts, and they were selected he- 
eatiBe it was with such substances that the old theory 
had almost exclusively to deal, and they were therefore 
the best adapted to iUastrate the differeneea between 
the new and the old chemistiy. But, as I have already 
said, the strongest evidence in favor of the new tlieory 
is to be obtained from a class of substances about 
which the old chemistry knew almost absolutely noth- 
ing, and whose number has been enormously increased 
during the past twenty-five years. Indeed, the modern 
theory is so completely the outgrowth of new diseov- 
eries that, given alone the old facts, the question be- 
tween the old and the new theories would be at least 
of doubtful issue, even if the new could ever have been 
conceived. The class of substances to which I refer 
are the compounds of the elementary substance car- 
bon. The niunber of known compounds of this one 
element is far greater than that of all the other 
elements besides, and these compounds exhibit a 
great diversity in their molecular stnicturo, which is 
often highly complex. As a rule they consist of a 
very few chemical elements (besides carbon, only hy- 
drogen, oxygen, and nitrogen), but the number of 
atoms united in a single molecule may be very large, 
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sometimes even exceeding one hundred. Carbon m 
peculiarly the clement of the organic world, for, leav- 
ing out of view the great mass of water which liv- 
ing beings always contain, organized material consists 
almost exclusively of carbonaceous componnds. Hence 
tlieac suhstancesj with the exception of a few of the 
simplest, were formerly called organic compounds, and 
in works on chemistry they ai'e usimlly studied to- 
gether under the head of organio chemistry. It was 
formerly supposed that the great complexity of these 
substances was sustained by what was called the vital 
principle; but, although the cause which detei'mines 
the gi'owth of organized bein^ is still a perfect mys- 
teiy, we now know that the materiala of which they 
consist are subject to the same laws as mineral mat- 
ter, and the complexity may be traced to the pe- 
culiar qualities of carbon. In like manner the notion 
that these so-called organic substances owed their ori- 
gin to some mysterious ouergy, which overruled the 
ordinary laws of chemical action, for a long time pre- 
cluded from the mind of the chemist even the idea 
that they could be formed in the laboratory by purely 
chemical processes ; so that, although the analysis of 
these compounds was easily effected, the synthesis was 
thought impossible. But within a few years we have 
succeeded in jireparing artificially a very lai-ge number 
of what were formerly supposed to be exclusively 
organic products ; and not only this, but the processes 
we have discovered are of such general application tliat 
we now feel we have tlie same command over the syn- 
thesis of organic, as of mineral substances, Tlie chem- 
ist has never succeeded in forming a single organic cell, 
and the whole process of its growth and development is 
entirely beyond the range of his knowledge ; but he 
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has every reason to expect that, in the no distant future, 
he will be able to prepare, in his laboratory, both the 
material of which that cell is fashioned, and the various 
products with which it beeomea filled during life. 

The number of elements ■which enter into the com- 
position of organic compounds being so resti-icted, it 
ie evident that the immense variety of qualities which 
they present cannot be referred solely to the influence 
of the simple radicals which they contain.' Moreover, 
there appears among these organie substances a most 
remarkable phenomenon, which, although not unknown 
in the mineral kingdom, ia peculiarly cliaraeteristie 
of these complex compounds of carbon. "We are ac- 
quainted with a large number of eases of two or more 
wholly different substances having exactly the same 
composition and the same vapor density. Here, for 
example, are two such substances : 

The first, butyric acid, is an oily liquid with whose 
smell we are only too familiar, since, when formed in 
rancid butter, it imparts to this article of our food its 
peculiarly ofieneive odor. But, though, as the odor 
shows, it must slowly volatilize at the ordinary tem- 
perature, it does not boil lower than 156° C, and does 
not easily inflame. Further, as its name denotes, it 
has the qualities of an acid, reddening litmus-paper, 
and causing an effervescence with alkaline carbonates. 

Uttei-ly different from this offensive acid is the sec- 
ond substance, which we call acetic ether, a very lim- 
pid liquid, with a pleasant, fruity smell, highly volatile, 
boiling at 'ii° and inflaming with the greatest ease. 
Notice, also, that it does not in the least affect tlie 
colors of these sensitive vegetable dyes. 

Yet, butyric acid and acetic ether have exactly the 
' Compare pageg 213 and 262. 
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same eompositioii, and tte same vapor density. The 
results botli of actual clieniieal analysis and of the 
determination of vapor density are given in this dia- 
gram, and the figures obtained in the two eases do 
not differ more than we should expect the results of 
different analyses of the same substances to differ; for 
it must be remembered that, in such experimental 
work, we can only attain a certain degree of accuracy, 
and that we may disregard all variations which are 
within the limit of probable error : 

Analyses of Isomeric Oompounds. 
By Giiliizwelg. By Liobig-. 

Butyno Acid — Acetio Etlier— 

Oarbon 54.51 Cai'Lon 54.47 

Hydrogen B.20 Hydrog«u 9,S7 

Osygon 3!i.23 Osygon 85.80 

100.00 100.00 

Bj Cuiitfurs. By Eoulloj nai Dumas. 

Sp. Gr 44.S Sp. Gr 44.1 

Moleo. weight 88.0 Molec. weight 88.0 

If, now, from these experimental results, we come 
to calculate the symbols of the two substances, accord- 
ing to the method I have so fully described, we shall 
obtain in both eases precisely the same formula, CjHgO^, 
and it must, therefore, be that the molecules of these 
tivo substances contain the same number of atoms of 
the same three elements, carbon, hydrogen, and oxygen. 
Here, then, we come face to face with a most remarkable 
fact. For, to affirm no more than can be absolutely 
demonstrated, this pleasant odor of apples and this dis- 
gusting smell of rancid butter come from substances 
consisting of the same elements united in the same 
proportions. Wliat, then, can be the cause of the dif- 
ference? Wo cannot allow such a fundamental fact as 
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tills to pass imclianenged. It is evident tbat there is 
an all-important condition wliieii lias escaped our ele- 
mentary itnaiysis. The eireumEtaneea demand investi- 
gation, and it would be a disgrace to our science not to 
attempt to answer the question. Can you wonder, 
then, that, for tlie past ten years, a great part of the 
intellectual force of the chemists of the world lias been 
applied to the problem, and in this course of lectures I 
have been endearoring to present to you the result 
they have reached. The answer they iiave obtained 
is, that the difference of qualities depends on molecu- 
lar structure, and that the same atoms arranged in a 
different order may form molecules of different siib- 
stances having ivholly different qualities. But tliey 
have gained more than this general result. 

These isomeric compounds, as we call them, when 
acted on by chemical agents, break up in very different 
ways, and, by studying tlie resulting reactions, we are 
frequently able to infer that certain groups of atoms 
{or compound radicals) are present in the compounds, 
because we know that they exist in the products which 
these compounds respectively yield ; our knowledge of 
the structure of these very radicals probably depending 
on yet other reactions, by which they again may be re- 
solved into still simpler groups. 

Thus, for example, if we act on acetic ether with 
potassic bydi'ate, we obtain two products, potassic ace- 
tate and common alcohol. Now, we know that alcohol 
has the symbol C2H5-O-H and contains the radical 
QjHa, which we call ethyl. Fnrtlier, we know that 
potassic acetate has the symbol K-0-(C2HsO) and con- 
tains the radical C2HaO, which we call acetyl. Hence 
we infer that the ether contains both of these groups, 
and that its symbol must be C2H5-O-C3H3O. The reac- 
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tion obtained with potassic hydrate is, then, seen 
consist in a simple metathesis between K and C2H5. 



Potassic liydiiilo. ) 

Passing next to the radical ethyl CgHj, we can show 
tliat it may be formed in a compound whicli contains 
the radical CHg, called methyl, by substituting for one 
of the hydrogen-atome of this radical another group of 
the atoms CH^, thtis : 



II 



.ond Mctkyl Compoma. 



II H 

n~c.-6-x 



llydrojcn CorapomiQ. 



In this assumed reaction the terminal hydrogen- 
atom of the first methyl comj^ound changes place with 
the methyl radical of the second, thus producing the 
compounds in the second column. Such a reaction can 
aetuahy be produced with a variety of subBtances, and 
these symbols may be supposed to stand for any of the 
substances between which the reaction is possible. We 
use X and Y, instead of writing the symbols of definite 
compounds, in order to confine the attention to the 
change which takes place in the radical alone. 

In reactions of this kind we form the radical ethyl 
in such a way as to leave no doubt whatever in regard 
to its structure, and in a precisely similar way we liavo 
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worked out the stiiicture of acetyl. AYe represent tlie 
structure in the two cases tbns : 

HE on 

II_0-0- ,0-C-lI 

IT H li 

Ethyl. Acutj!. 

Hence we conclnde that the structure of a molecule 
of acetic ether sliould be represented as follows : 

II II on 

II-6^0-0-0-0-H 

H II li 

Acetii; Etlier. 

MoreoTCi", since we arc led to the same result, whether 
we study the reactions by which the ether may be pre- 
pared or those by which it may be decomposed, we feel 
great confidence in onr result. 

If, now, we act on butyric acid, the isomer of acetic 
ether, with potassichydi'ate, the same reagent as before, 
we obtain wholly dilferent products. They are potas- 
sic butyrate and water; and here the knowledge of 
acids, bases, and salts, which wo obtained at the last 
lecture, comes in to help ns interpret the reaction. It 
must be simply as follows : 



K-O-H 



Evidently, then, butyric acid, instead of containing tlie 
two radicals CjHs and C3H3O, like acetic ether, contains 
the more complex radical OjH^O, and the simple radi- 
cal H. 

But, although the last reaction sliows tliat butyric 
acid contains the radical C1H5O, it gives us no infor- 
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I-I-C- 


-TI 


H-O-C- 


-_0. 


-H 




n-0- 


II 


H 

IsoiulyHc Add. 
(Aptodacfo/syaUiOEia.) 



mation in regard to the grouping of the atoms in tlie 
radical. Of course, we have sought to discover what 
the structiire is, and tlie result of the investigation is 
most remarkable, for it appears that there are two dif- 
ferent radicals liaving the same composition and corre- 
sponding to two distinct varieties of butyric aeid,whic]i 
differ. in their odor, their hoiling-point, and other quali- 
ties, and, further', various reactions show that tho atoms 
of the radicals are arranged in the two acida as the fol- 
lowing formulae indicate : 



n^o-0-c-o-c-n 



There are, therefore, at least three sixbstances Laving 
the composition CiHgOj. 

Now, by studying in a similar way the whole scheme 
of carbon compounds, and connecting by reactions the 
more complex with tlie simpler, it has been found pos- 
sible, in a very large number of instances, to deter- 
mine the manner in which the atoms are grouped in 
the respective molecules, and thus to show what the 
variations of structnre are wliich determine the differ- 
ence of qualities in these isomeric bodies. Moreover, 
haying discovered how the atoms ai'e gi'ouped, it has 
been found possible, in many eases, to reproduce the com- 
pounds ; and, more than this, chemists have frequently 
been led to the discovery of wholly new bodies, isomeric 
with old compounds, by studying the possible variations 
of the structural symbol. This last fact has such an im- 
portant bearing on our subject, tending gi'eatly to sub- 
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staiitiate tlie general trnth of our theory of molecular 
structure, that a few illustrations will be iiiterestiiig. 
One of these we hcve already seen, for the isomejie 
modification of butyric acid, we have just been dis- 
cussing, "was foreseen by theory before it was discov- 
ered, and it is, therefore, an example in point, but 
there are many other eases of the kind which are 
equally remarkable. 

Butyi-ic acid is the fourth body in that series of 
volatile acids before mentioned (page 277), of which 
formic and acetic acids are the first and second mem- 
bers. It was then said that the molecules of these acids 
increase in weight by successive additions of CHj as 
we descend in the series, and it has been shown since 

II II 
(j)age 290), that the i-adical ethyl, - - c - H, may be 

II 11 
II 

derived froin metlijl, -0-ir, by replacing the tenninal 

li 
H by another methyl group. It is obvious that this 

H H n H H 

process repeated on -O-O-Il would give -0-0-0-H, 

H H li H H 

and that the result of successive replacements of the 
same kind would be a aeries of hydrocarbon radicals 
differing from each other by CHj like the volatile acids 
mentioned above. Furthermore, it is equally obvious 
that, theoretically at least, the same process might be 
applied to any compound containing a hydrocarbon 
radical ; and you will not bo sm'prised, therefore, to 
!eam that there are many series of carbon compounds, 
between whose members we find this same common 
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difference. Bodies so related ai'e said to be the homo- 
logues of each other ; and of these homologous series, 
BO called, no one has been more carefully stndied than 
that of the volatile acids, of which nineteen members 
are known. 

Now, it is obvions that, as the hydrocarbon radical 
in the series of volatile acids increases in complexity, 
the possibilities of varying the atomic gi'ouping in- 
crease also. Next to butyric acid, C4H802, comes va- 
leric acid, OfiHioOj, and, while we had only two butyric 
acide, we can have four valeric acids, -whose molecular 
structure is indicated by the following symbols : 

U 
H H n II O II II-C-II 
H-O-O-C-O-O-G-II II-O-O-O ^O-II 

II H II li II ii-o-n 

II 

Firat Isoralcric Add. 



II-C-II IT 


ii-c-ii n II 


H-0-0 0- O-II 


n-0-0 — G — .0-0- 


H-O-H II 


11 TI JI 



Of these possible modifications of valeric acids, 
pointed ont by theory, the first three have already been 
identified in the investigations to which the theory led, 
and the discovery of the fourth is probably only a ques- 
tion of time. Examples similar to this arc already nu- 
merous and are rapidly multiplying, but I have only 
time to cite one other instance. 
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A compoimd called cyanic etLer has long been 
known, and its symlDol was always assumed to be — 

(0,H6)-0-aN, 
after the analogy of tlie other ethers ; that is, it was 
assumed to contain the compound radicals, ethyl, CjHj, 
and cyanogen, ON, united through an atom of oxygen. 
But, as is obvious, we may, without changing the radi- 
cal etliy], group the other atoms thus : 

and, on searching for this siibstance, an isomer of tlie 
supposed cyanic ether was aetnally obtained, and called 
eyanetholine. Very singularly, however, further inves- 
tigation proved that the new compound was the real 
cyanic ether, and that the old one had the constitution 
represented by the last symbol. Evidently, then, we 
are not infallible ; but the very mistake has been in- 
structive ; for, in detecting and coiTecting the error, 
wo have the more clearly shown that our methods are 
trlistworthy. 

I hope I have been able to give some general no- 
tions of the manner in which we have obtained our 
knowledge of the grouping of the atoms in the com- 
pounds of carbon. More than this cannot be expected 
in a popular lecture ; for, so intenvoven is the web of 
evidence on which the conclusions are based, that, to 
enter into fiill details in regard to any one of the more 
complex compounds, woidd be wearisome, and tlie work 
is much better suited for the study than the lecture- 
room. Indeed, I fear that I have already imposed too 
great a burden on your patience ; but, if you have fob 
lowed me tlius far, yon will be interested in some of 
the results which we have reached, and which you arc 
now prepared to understand, I must necessarily pre- 
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Bent these results as they have been fonniilated by our 
theory of atomic bonds ; for, without the aid of these 
formuliB, we cannot either think or talk clearly abont 
the subject. 

The one characteristic of carbon on which the great 
complexity and variety of its compounds depend is, the 
power which its atoms possess of eombitiing among 
themselves to an almost indefinite extent. As a rule, 
chemical combination takes place readily only between 
dissimilar atoms. It is true that we Iiave met with 
many examples of the union of similar atoms, as in the 
molecules of several of the elementary gases, like — 



Ti-ii a- 01 

Uydtosea Oaa. CLloitoe Gas. 


= W=M- 

Oij'g«iJ Gas. HlU'ogan G.ns. 


So, also, in the compounds 






01 CI 







Cl-Fe-Fo-01 
01 01 


"■' 


aCai 




and likewise in 

OI-Hg-Hg-a 

Mereuroua CLloride. 


awl 




Cii-Cn 

Cuprous Oslde— 



two atoms are united by a single bond, fonning a fci- 
naiy group, which is the radical of the metalUc com- 
pound. But, in all these cases, the power of combina- 
tion is very Umited, admitting the grouping together 
of only a veiy few atoms at the most, and generally of 
only two. The cavhon-atoms, however, not only unite 
with each other in large numbei'Sj but fonn gi-oups of 
great stability, which, in organic compounds, take the 
place of the elementaiT- radicals of the mineral king- 
dom. Let us begin, then, by constructing tlicso radi- 
cals; 
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co-o- S I H-O- 

I -O- I 

-O- I -o- 
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Tlie carbon -atoniB being quadrivalent, tliey may 
unite with eaeb other either by one, two, three, or four 
bonds, and the larger the number of bonds which 
are thns closed, the less will evidently be the com- 
bining power of the resulting radical. Hence may 
arise radicals like those represented in the diagram 
on the previous page. It is evident that this table 
might be extended indefinitely, but the number of 
terms given is sufficient to illustrate the simple rela- 
tion between the several radicals thus formed. Each, 
group of carbon-atoms can have a maximum qnantiva- 
lence of 2n -f- 2 (the letter n denoting the number of 
carbon-atoms in the gi'onp), and from this maximum 
the quantivalenee may fall off by two bonds at a time 
until it is reduced to zero. Thus we have for the six- 
atom group a maximum of 14 ; but the same gi-oup 
may also have a quantivalenee of 12, 10, 8, 6, 4, or 2. 

The symbols, however, given in tlie table do not by 



-0-0-0-0-0- 



0=6 



any means exhaust the possibilities of combination 
with the given number of carbon-atoms ; for further 
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variations may bo obtained by changing the relative 
position of tlie atoms wliile retaining the same guaii- 
tivalence.. Thus, the radical (Cs)"' may be constructed 
in the several ways shown in diagi'am No. 1, and, al- 
though the several radicals thus obtained contain the 
same number of atoms, and have the same quantiva- 
lonce, they are fundamentally different. The differ- 
ence consists, not in the mere gi'ouping of the letters 
on the page, which is purely arbitrary, but in the 
fact that, while in 1 no carbon-atom is imited with 
more than two others, in 2, one of the atoms is united 
with three others, and, in 3, with four. As the num- 
ber of atoms in the gi-oup increases, the number of 
possible variations must necessarily become veiy great- 
ly augmented. Jloreover, when some of the atoms arc 
united by double bonds, a variation may be obtained 
by shifting the position of this double bond as well 
as by varying the position of the atoms with respect 
to each other. This is illustrated by diagram Ko. 2, 
which shows the possible forma of the group (C4)'"'. 
It is unnecessary, however, to multiply illustrations; 
for it is evident that a great multitude of radicals may 
be obtained with even a very limited munber of car- 
bon-atoms, and to attempt to exhaust the possibilities 
would be an endless tash. Some of my audience, how- 
ever, may be interested to study the subject further, 
and I would, therefore, set them as a problem to find 
tlie number of possible combinations which can be 
made with a gi'oup of six carbon-atoms, having a quan- 
tivalence of twelve. Such investigations are not with- 
out their profit ; for, although many of the possibilities 
may not be realized in Nature, yet the practice will 
give a clear idea of what is meant by an essentially dif- 
ferent structure. It may hereafter appear that cbf 
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of position eoiresponding to the npper and lower, or 
the left and right hand sides of onr diagram, constitute 
really essential variations of structure ; but, although 
there are some facts looking in this direction, we do 
not EK yet admit that any such differences are of im- 
poi-tance, and we regard any two groups as the same 
when, by any change that does not alter the relative 
order of the atoms, or the nnmber of bonds by which 
thsy are united, the two can l)e made to coincide thus : 





-C- 






0- 


-0 






1 same as - 


-0-0- 


-6- 


,and 


v 


0- 


thc( 


^an 




-0- 






"b = 


c 












0^ 


= G 




0- 


-'o' 


it not the same as 


V 


V 


or 





C 



The radicals thns formed may be regarded as the sliel- 
etons of the organic compounds. These carbon -atoms, 
loclied together like so many vertebi-je, form the frame- 
work to which the other elementary atoms are fastened, 
and it is thns that the complex molecular stmctures, 
of which organized beings consist, are rendered possi- 
ble ; moreover, when we remember that, while the ele- 
mentary substance carbon is a fixed soKd, the three 
elementary substances, oxygen, hydrogen, and nitro- 
gen, with which it is nsuaUy associated, are permanent 
gases, this analogy of the carbon-nncleus to the skele- 
ton of the vertebrate animal becomes still more strik- 
ing. 

Having thus shown how the skeletons may be 
formed, let us next see how these diy bones may be 
clothed. In order to illustrate this point, I will sim- 
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ply taliG two of the numberless earton-radicals, ■which 
are theoretically possible, and show how from them a 
Get of familiar organic products can be derived. Let 
tlie two be tlic radicals represented in this diagram : 



To siicli carbon -sic eletons a large number of different 
elementary atoms and compound radicals can be attached 
by vai-ious chemical processes ; tut the number of those 
usually met witli in organic compounds is very limited, 
and only the following will be considei-cd in this con- 
nection, namely : 

II-, -0-, 1I-0-, h)M"-, o)^- 

lljirosea. Oxyean. Bydaixyl Amliogen. Nlttyl. 

Indeed, by doiibling this number, we eoidd obtain the 
matemis for constructing nearly the whole scheme of 
modem organic chemistry. 

Eeginniug, then, with the nucleus - - - -, lot us, 
in the fii'st place, satisfy all the open bonds with hydro- 
gen-atoms. Tho result is^ 

II II II 

n-o-o-o-n 



a combustible gas, which is found mixed with numer- 
ous other compounds of the same class in our petrole- 
um-wells. Propyl hydride is the third in a series of 
homologous compounds, of which no less than nine 
have been identified in our Pennsylvania petroleums. 
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Metbylic lijdricle IIj Gaa, 

Ethylic hydride OJI, 

Propjlio bydridi; O3IT3 " 

BTitylic hydride O.H.o 53" 

Amjlio hydride OiH„ 86" 

Hexyho hydride CHu 143° 

Heptjlio hydride CHi, IM" 

Octylio hydride CJI.b 247° 

FoEylic hydride O.IIs, 303° 

The diiigram, above, gives tlieir names and boiling- 
points. Our common kerosene ia chiefly a mixtnre 
of hexylic and heptylic hydride, and the light naphthas 
a mixture of amylio and hexylic hydrides. Notice 
here, again, the eomm.on difference, CHj, between the 
symbols of any two consecutive members of this series 
of hydrocarbons. 

If, next, we snbetitute an atom of oxygen for two 
of the hydrogen-atoms whieh, in propylic hydride, ai'e 
nnited to either of the teiminal atoms of the carbon- 
mielens, we obtain a eomponnd called propylic alde- 
hyde. This is a member of another series of homo- 
logues, parallel to the last, and of which nearly as many 
members are known. The aldehydes, as tlieae bodies 
are all called, have very striking and characteristic qual- 
ities ; and these qualities may be, to a gi'eat extent, 
ti'aced to their peculiar molecular structure. If we 
only make so small a change as to transfer the oxygen- 
atom from the terminal to one of the central atoms of 
the carbon-nucleus, we obtain a class of compounds 
which, though isomeric with the aldehydes, have wholly 
different qualities, and are called ketones. The ketone 
isomeric with propylic aldehyde is called acetone ; 
H H O H O H 

H_c_6-c-n H-o-o-o-n 

H H H H 

Propylic Aldehyilc. Acetone. 
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Going back a<^!iia to the hydrocarbon, C3H3, and 
replacing eitlier of the terminal hydrogen-atom a hy 
the radical liydroxyl (-O-H), we obtain one of a very 
impoi-tant class of eompoimds, called alcohols. 
H H n H H 11 

ii^o-c-0-n II -0-0-0-0- II 

H II li H II H 

Propj'Uo nyilrWo gives Piupjlio Alcoliol. 

Propylic alcohol is the third member of still another 
series of homologous compounds, of wMcIi our common 
alcohol is the second member. 



Motlijlic alcohol (wood-spirit) ITj -0-TT 

Ettjlic aleoliol (common alcohol) G, lis -O-II 

Propylio alcolol 0. H, -O-II 

Butjlio oloohol 0* 11. -O-II 

Amylio alcohol (fusel-oil) C. Iln-O-TI 

Eexjiio alcohol C„ IL.-O-II 

Heptjlic alcohol 0, Il.t-O-il 

Ootjlio alcohol C, II„-0-iI 

Tlie structure of the alcohol may obviously be 
varied, like that ol' the aldehyde, by transferring the 
hydroxyl from the terminal to one of the central atoms 
of the carbon -nucleus ; hut we thus, as before, obtain a 
wholly new set of substances, which, alfchougli resem- 
bling the normal aloohols in many respects, differ from 
them in important particulars. There is, for example, 
an isopropylic alcohol, which is isomeric witli the nor- 
mal propylic alcohol, and, like it, resembles externally 
common alcohol. But the pseitdo-aleohol, as we call 
it, boils at 85° Cent., while the nonnal alcohol boils at 
97°, and, when acted on by chemical agents, yields 
wholly different products : 
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H H JI 


II IT II 


-0-a-o-o-n 


n-0-o-o^ii 


II ir I'l 

Piopjlioileoboi, 


II li 



II 

Isopropyllu ATi«)1idT. 

Continuing, now, this process of dothiiig the car- 
hoii-ekeleton, let us, in the next place, substitute for 
two of the hydrogen-atoms of the normal alcohol an 
atom of oxygen, selecting for replacement the two hy- 
drogen-atoms which are connected with that terminal 
carhon-atom to which the hydi'oxjl is Tmited : 
n H II II II 

H-O-C-C-0- IT ji_0-C-0-0-U 

II H II II II 

PropyHc Alcoliol givta Pithpionic Acid. 

How, propionic acid is the third memhe.r of that ho- 
mologous series of volatile acids of which a partial list 
has already been given (page 377), and of two of whose 
members the possible vai'iations of etrtictiire have al- 
ready been discussed (pag^ 298 and 300). 

Again, we may snbstitnte in propionic acid a second 
oxygen- atom for two of the remaining atoms of hydro- 
gen, and we thus obtain a liquid body called pyruvic 
acid, a perfectly definite substance, although one with 
which I can give you no familiar associations : 
H H O H O 

n-O-O-O-O-II II-C-C-C-0-lI 

n H II 

Proplonio Add. Pyruvic Aciil. 

The aeids and alcohols we have thus far formed 
around our three-atom cai-bon-nucleus have been all 
monatomic. The atomicity of a compound, you re- 
member, is determined by the number of atoms of hy- 
drogen which are easily replaced by metathesis, and 
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only those atoms of hydrogen can be bo replaced which 
are united to the earbon-nucleus through an atom of 
oxygen. Hence, with one hydroxyl group wc can only 
produce monatomie compounds. Use two hydi-oxyl 
groups, and we can form aronnd the same skeleton a 
number of diatomic compounds. The following are a 
few examples. After what has been said, the symbols 
require no detailed description ; but it must be remem- 
bered that the gi'ouping is no play of fancy, and that 
a good reason can be given for the position of eveiy 
letter : 



11 11 II 








H E n 


n-o-c-o-o-o- 


-II 


II- 


-0 


-0-0-0- 


II I'l ii 

Hormol Fi-opyl Glycol. 








n 11 

H 

Frapyl Glycol 


H H 








H H 


U-O-O-C-O-O- 


-II 


11- 


-0 


_o-o-c- 


II H 








II 



Attach to the nucleus three hydroxy] gi-oups, and there 
result triatomic compounds, among which is a very fa- 
miliar substance : 

n II II 

II-O-C-O-O-O-H 
I-I O II 



O II II O I-I O 

ii_o-o-c-o-o-ii ir^o-C-O-c-o-iT 

on o 
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Lastly, replace the three teiininal hydrogen-atoms of 
glycerine by nitryl (NO3), and we meet again an old 
acqiiamta,nce: 

O II H TI O 

K-0-O-O-O-O-N 

O II H O 

0-N=0 

Kitto-glyctrino. 

I tliink that this last eymbol will not now appear to 
you so strange as when I first called your attention to 
it a few lectui-cs back. It is tme that I have not act- 
ually proved tliat this gi-oiiping of the letters repre- 
sents the atracture of the nitro-glyeeiine molecule, but , 
I have led you to a point where you are prepared to 
accept it as a definite result of investigation, and can 
feel assiu'ed that the proofs await your examination in 
the due course of your study. Tou can now understand 
more cleai'ly than before how it is that, by the stract- 
ure of the molecule, the oxygen-atoms are kept apart 
from the atoms of carbon and hydrogen for wliieh the 
fire-clement has such a strong affinity, and how these 
atoms i-uah into more stable combinations when the 
delicate balance of forces, on which the structure de- 
pends, is disturbed. 

Yon have now seen what a number of distinct com- 
pounds can be obtained by attaching to one of the very 
simplest of the carbon-nuclei atoms of hydrogen and 
Oxygen alone. Almost every commutation we could 
make with these few atoms is actually realized in a defi- 
nite substance. Of coui'se, with the names of many of 
these bodies you have no association. You must accept 
the assurance that they stand for definite substances, 
and that our symbols represent the results of care- 
ful investigation, and, knowing this, you can gain some 
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conception of tbo knowledge we have accLuired of the 
structure of this class of compounds ; and, wlien you 
add to this that, in many of these cases, the theory has 
gone before discovery, and, by suggesting possible com- 
mutations of the atoms, has prefigured compounds which 
■were subsequently obtained, yon must admit that, rudo 
and unreal as our representations of molecular struct- 
ure may he, they have a positive value, both as means 
of classiiying facts and as aids to new discoveries. 

lastly, let us turn our attention to the second of the 
two carbon-skeletons, whose dry bones we proposed to 
clothe with the features of definite compounds. The 
gi'onp of bodies whose molecules contain, as 
^ -^ we assume, this nucleus (Fig. 32), haa been . 
y \ very fully investigated by Professor Kei:ul6, 
~ ^ 7" of Bonn, and to liim we owe the theory of 
= their structure which our diagram repre- 
Fia. S2. scnts. It may appear svipei'fl.uous for me to 
repeat that, in sneh diagrams, the only es- 
sential points are the relative order of the atoms and 
tlie number of the bonds ; but the hexagonal shape in 
which we find it convenient to represent on our pago 
the structure of this nndeuB suggests the idea of defi- 
nite form so forcibly, that additional caution may he 
needed to avoid misconstruction. 

The bodies with which we are now to deal are, for 
the most part, products either already existing in coal- 
tar, or which may be obtained fi-om it by various chem- 
ical processes. Among them are those gorgeous ani- 
line dyes wliich, within a comparatively few years, have 
added so much to the elegances of common hfe. From 
a veiy large number of compounds, I can only select a 
few examples. Still, I shall not restrict the selection 
to compounds whose molecules eontaia only six earbon- 
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atoms, but I shall endeavor to show that molecules of 
extreme complexity can be built up either by the addi- 
tion of hydrocarbon radicals to the nucleus represented 
in Fig. 32, or by the eoaleascing of two or more of 
these nuclei into one. As I have not time to enter into 
details, the symbols must, to a great extent, be allowed 
to speak for themselves. 

Coal-tar is a mixture of a very large number of sub- 
stances whose boiling-points vary from 80° Cent, upward. 
When the tar is distilled, and the distillate rectified, 
the more volatile product obtained is chiefly a mixture 
of two hydrocarbons — benzol and toluol. This mix- 
ture, the commercial benzol, is used in large quantities 
for tho preparation of the aniline dyes : 

II n II II 

C-C II 0-C 

H-c 0-n ii-o-o c-ii 

0=0 II = 

EH IT II 



"When benzol and toluol arc treated with strong ni- 
tric acid the products are : 

H H n II 

0-0 JI 0-0 O 

H-0 C-H" II-O-O 0-N 

0=0'' O II 0-0 O 



"Wlien. nitrobenzol and nitrotoluol are acted on by 
nascent hydrogen (in the arts a mixture of iron-filings 
and acetic acid is used), we obtain : 
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ANILINE 


COLOES. 




H H 






n H 


0-0 n 

H-O 0-N 




II 

H-C- 


0-6 II 

-0 O-H" 


C-O"^ H 




il 


= 0'' H 


li H 






li II 



When the mixture of aniline and toluidine, obtained 
in the arts from commercial benzol, is treated with 
various oxidizing agents, we obtain salts of 

II II 

0-0' 

H-d' \l-H 



II 0-0 C-C H 

n-6-o'' 0-N-c 0-0-ir 

H 0=0 H = H 
HE H I-I 

EosanilliiB. 

Eosfiniline is a base like ammonia. As I have before 
stated, when the molecnlc UHj unites with aeids to 
form salts, the qnantivalence of the nitrogen-atom ap- 
pears to be ina-eaBcd by two bonds which bind the 
atoms of the acid molecules (see page 238), So, when 
rosaniline combines with acids, the atoms of the acid 
molecule join to one or the other of the nitrogen-atoms 
in the complex molecule of this base. Moreover, as 
there are three of these nitrogen-atoms in the molecule 
of rosaniline, it can bind either one, two, or three mole- 
cnlcs of acid ; for example, it can unite either with 
HCl, with SIICI, or with 3HC1. Tims, there may be 
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formed three classes of salta, and those wliicli contain 
the smallest amount of acid are used in tlie arts as 
coloring agents. These salts, when crystallized, have a 
very brilliant' beetle-lilie lustre, and yield Leautiful 
rose-red solutions. They possess, moreover, a most 
wonderful coloring power. 

Taking only a few crystals (one grain in weight) of 
the hydi-o chlorate of rosaniline, called ftichsine hi com- 
merce, and, first rubbing them up in a mortar with 
some alcohol, I vdl\ pour the concentrated solution into 
a large glass jar, holding two gallons of water, and 
yoa see that this very smalt quantity of dye shows a 
brillianf red color even .when diffused through tho 
lai'ge body of liquid. By combining the base with dif- 
ferent adds we obtain only slight variations of tint, but 
very marked alterations of color can be produced in 
another way. 

By recmTing to the symbol of rosaniliuo, it will be 
seen that there are three hydrogen - atoms directly 
united to the three atoms of nitrogen which the radical 
contains. Kow, it is possible to replace either one, two, 
or all three of these hydrogen-atoms by various hy- 
drocarbon radicals ; such as — 

-CHs -OJIg -CsHt; 



and we thus obtain other bases whose salts ai'c violet 
or blue — the blue tint increasing with the degree of 
replacement. I have in these five jars solutions of 
some of these salts, the aniline violets and blues of 
commerce, and they will illustrate to you the gra- 
dations of color we can obtain hj the replacements I 
have described. 

Among the less volatile iiroducts of the distil- 
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lation of coal-tar is the compound called phenol or 
cai-bolie ficid, which is so much used as an antisep- 
tic agent. Here is its symbol and also the symbol of 
another compound wliich has recently acquired great 
theoretical importance, but which, although closely al- 
lied to phenol, is derived from a wholly different 
source : 

n n n IT 

0-0 c-o 

n-c c-o-H E-c c-n 

O-o'' = 

H H 0-6 



One of the least volatile products obtained in the 
distillation of coal-tar is a hydrocarbon called naphtha- 
line, whose molecule appears to be formed by the coa- 
lescing of two molecules of benzol. This body yields 
a very large number of derivatives having the same 
general structure, some of which have such a deep 
color that they can bo used as dyes : 
IT II 



Associated with naphthaline in coal-tar is a still less 
volatile liydi'oearbon, called anthracene, which may he 
regarded aa fonned by the coalescing of three mole- 
ciiles of benzol : 
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n n 

II 
II-O C II 
H-O 0-C 

^0 ^ ^ "^ ^C - u 

li ^0 - o'' 
n II 

Lastly, from antbrEicene Las been derived tlie fol- 
lowing product : ' 



O O^C 

if n II 

Anblitaiiuiuouic Add (illzarliie). 

This brings us to one of the latest and most note- 
worthy results of oiir science. Alizarine is the color- 
ing principle of the madder-root, whicli has long been 
the chief dyestuff used in printing calicoes. But, al- 
though the mordanted cloth extracts from a decoction 
of the root the coloring material in a condition of great 
purity, yet it has been found esceedmgly difficult to 
isolate the alizarine. For this reason, although the 
subject had been most carefully investigated, there was 
for many years a question in regard to the exact com- 

' For fnrther detailB see "PrindpJeS of Chemical Philosophy," by 
Joaiah P. Cooke, Jr., published by John AUya, Boston, tlui'd c(liUoii, 
1814. 
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position of the sutstnnce. A sliort time einee, Graebe, 
a GJ-erman chemist, in investigating a class of cora- 
poimds called the quinones,' determined incidentally 
the molecular struetm-e of a body closely resembling 
alizarine, -which had been discovered several years be- 
fore. Thia body was deiived from naphthaline, and, 
like many similar derivatives, was reduced back to naph- 
thaline when, heated with zinc-dust. This circumstance 
led the chemist to heat also madder alizarine with zinc- 
dnst, when, to his surprise, he obtained anthracene. 
Of course, the inference was at once drawn that ali- 
zarine must have the same relation to anthracene that 
the allied coloring-matter bore to naphthaline, and, 
more than this, it was also inferred that the same chem- 
ical processes which produced the coloiing-matter from 
naphthaline, when applied to anthracene, wonld yield 
alizarine. The result fnlly answered these expectations, 
and now alizarine is manufactured on a large scale from 
the anthracene obtained from coal-tar. 

Here are two pieces of cloth, one printed with mad- 
der and the other with artificial alizarine, and the most 
expert calico -printev could not distinguish between 
them. 

This certainly is a most remarkable achievement. A 
liighly-eomplex organic product has been actually con- 
structed by following out the indications of its molecu- 
lar structure, which the study of its reaction, and those 
of allied compounds, had furnished. It is a result that 
all can appreciate, and which the world will accept as 
the most trustworthy credential that the molecular 

' Tlie nama qmaoiie is applied to a class of bodies whose molecules 
contain two atoms of oxygen united to a carbon -nucleus in the peculiar 
waj sliowu in tlie symbol of tlie tjpical oompound of the clasB, given 
above (page 317). 
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theory of elieraistiy could offei% The circamstanee 
that this substance is the important madder-dye, and 
that the new process has a great commercial value, of 
course, really adds nothing to the force of the evidence 
in favor of the theoi-y. To the scientific mind the 
evidence of any one of hundreds of substances wliieh 
have been constructed in a similar way, but of wiiieh 
the world at large has never heard, ia equally conclu- 
sive. Still, we Live great reason to rejoice that this is 
one of the few instances where purely theoretical Etndy 
has been unexpectedly ero^Tned with great practical re- 
sults. Let us accept the gift with gratitude, and pay 
due honor to those thi'oiigh whose exertions it has been 
received. Let ua remember, however, that it came as 
a free gift, and that the result was achieved by men 
who, with Bingle-he;trted zeal, worked solely to extend 
knowledge. Forget not, then, to enconrage those who 
are devoting their Hves to the same noble service, and 
have the manly courage to sow the seed whose harvest 
t]]ey can never hope to reap. Honor those who seek 
Knowledge for her own sake, and remember they are 
the great heroes of the world, who work ia fiiitli, fmd. 
leare the result with God ! 
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The nunibera of tkia index refer to pages. Attention is called 
to the lists of experiments, gi-aphic symbols, reactions, and tables 
given unaer tbeae several headings. 



Acetic acid, 2B1, 283. 

Acetio ether, 302, 303; iaomatrie 
with butyric acid, 299. 

Acetone, 314. 

Acetyl, SOS. 

Acids, 249, 2B5, 262, 297, 392. 

Acida and alkalies, 258, 253, 285 ; 
differenccB, 2T1, 273. 

A^gregalion, states of, 14. 

Alchemy, 108. 

Alcohols, 137, 31S. 

Aldehydes, 814. 

Alizarine, 326. 

Alkali, 349, 253, 255 >s also Acida 
and Alkaliea). 

Ahitn, potassic, 250; ammomc, 290. 

Aluinimc oxide, 808. 

Aluminum, action on potassio hy- 
drate, 285. 

Amidogen, 313. 

AramoDia gaa, 185, 244. 

■ ! chloride, 244 ; niti-ate. 



181. 

Ampfere'a law, IS. 

Analjaia, 96, 133, 17S ; of acetic 
ether, 300; of alcohol, 137; of 
butyrio acid, SOO ; of nitric acid, 
259; of water, 134, 138; of salt 
and sagar, 124. 

AndalusiCe, 290. 

Anhydride, 288. 

Aniline, 321. 

Anthriicene, 324. 

Anticipations in science, 11. 



(totle, 98, 233. 
Arithmelic, chemical, 150, 179. 
Arriads and perissads, 248. 
Atomic bonda, 241; clamps, 230; 

theory, 103. 
Atomicity of hydrates, 284. 
Atoms, 36, 136; specific heat of, 

133 ; polarity of, 273 ; weight of, 

117, 124, 130. 
Avogadro's laiv, 13, 37, 63. 

Biirometoi', 39. 
Bases, 292. 

Basic, definition of the tsr:n, 288. 
Beansite, 390, 
Becker and Stahl, 336. 
Benzol, 320. 
Berzeliua, 270, 292. 
Binary compounds, nomenclature 
of, 170. 



Boric acid, i 



c, 241. 



Boyle's law, 41. 
Bunsen'a lamp. 203. 
Burning [see Coinbaslioo). 
Butyric acid, 283, 299, 804. 



Calcium, 160. 
Cnndle, 207, 209. 
Cariiolic acid, 321. 
Carbon, 155, 158, 
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weight, 131; radioaJs, SOB, 310; 

Carbonic dioiid 

dioxide uctioi 

dioxide deoi 

IdG; dioxid« 

dium, IS 3. 
Cftvbonio oiide. 
Chalk, deoomp 



. J, 102; solution, 164. ' 

ChE,tig^, chemical ujid phjsioal, 9B. 

Oharooal, burning of, 20S, 218. 

Charlte'a law, 48. 

Chemical cbangea, 95, 173 ; com- 
pounda, fl6, 8U, 107. 

Ohloiine, atomic weight, li25; gaa 
bums tinsel, 187. 

Obrysobeiyl, 290. 

Chrjaelite, 280. 

Coal, bummg of, 205 ; energy stored 
in, 200. 

OombTiatibles, 189. 

Oombusljon, 189-287; of cimrooal, 
203, 204, ai8 ; of hydrogen, 100, 
196, 199; of phosphorus, 189, 
193; of Blow-matoh In oij^en, 
Bl; of sulphur in nitrous oxide, 
183; of Bulphar in oxygen gas, 
182; of tinsel in chlorine gas, 
187; of watch-spring in oxjgeu, 
91 i Mstory of theory, 2S3, 

Compound blow-pipe, 199. 

Compoond radicals, 288. 

Oompounda («« Chemical Com- 
pounds); not mixtuves, 107. 

Cormidum, 290. 

Cream-of-tartar, 146. 

Crith, 07, 70. 

Crystallization of ice, 66; of sal- 
ammoniac, 63 ; of urea, 54. 

Cryatala, effects on polarized light. 



Dalian's atomic theory, lOR. 

Deiinito pTOportions, law of^ I07. 

Denaity, 68. 

Deiiaitj oE vapors, 76, 260. 

DsBigD, in Nature, 213. 

Diaspora, 290. 

Diatomic hydrates, 286. 



Diiferentiation, a method of k 

tigaliou, 201. 
Dihydro-aodic phosphate, 28S. 
Sipotasaic ox^ate, 280. 
Diaodic sulphate, 284, 
Divisibility of matter, SS. 
DnaUstic theory, 270, 271. 
Dumaa's method for rapor den 



Eleetrioal polarity, 275. 

Electrolysis, ilO. 

Elemea^ry substances, 1(1B-1IS; ta- 
ble of, 112; aoni£nolatureof,lG9. 

Energy from burning, 190-206 ; from 
the sun, 214 ; tndestnictible, 214 ; 
required to deeompoae water, 99. 

Ether of apace, 22. 

Ethyl, BOS. 

Expansion by heat, of gasea, 19 ; of 
liquids, 18. 

Experiments; aluminum and potaa- 
sic hydrate, 266; ammonia audhy- 
droahlonc-acid gas, 18G; bands on 
Soap-fllm, 81 ; burning charcoal, 
203 ; burning charcoal powder, 
204; bumlDg hydrogen gaa, 90; 
burning iroh, 110; buming phos- 
phorus in aif, 189 ; buBungphoa- 
phoruB in pxygen, 1 93 ; bnrning 
watch-spring, 91 ; calcining chalt, 
166; chalk and acid, 167; chlo- 
rine gas and tinsel, 1 87 ; coloring 
power of aniline dyes, 322 ; com- 
pomid blow-pipe, 100 ; cryaf alliza- 
tion of sal-ammoutac, 63 ; oi^ystal- 
lization of urea, 64 ; decomposition 
of sugar, 87; decomposition of 
water, 89, 92 ; density of vapora, 
77, 80 ; expansion of liquids by 
heat, 18 ; explosion of iodide of 
nitrogen, 183 ; explosion of hy- 
dn^en and oxygen, 100; forma- 
tion of vapora, 17 ; globular form 
of liquids, 52 ; gunpowder burnt 
in waciio, 219 ; gunpowder burnt 
■ ■ "'a;ic&-flowers, 56; iod' 









hydrochloric aeid, 
sulphur, 104 ; lime-water and ca: 
bonio dioxide, 161 ; magneti 
curves, 61; Marlotte's law, 41 
nitric oxide and oxygen gas, 189 
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iiith polarized light, 6T-62 ; Pha- 
raoh's serpenlj 108; potaeaio Lj- 
drate and nilric acid, 263 ; potaa- 
Bium and irater, SCT ; preparation 
of iiitroua oxide, 181; preparation 
of osjgen gas, 111 ; products of 
combusUon weigh more than the 
candle, 210 ; slaking of lime, IBl ; 
Bodic oarbonate find cream-of-tor- 
tDir, 146 ; Bodic carbonate and mu- 
riate acid, 141 ; Bodio ailicate and 
mufiatic acid, 289 ; Bodinm and 
carbonic dioxide, IBS; sodium 
and water, 260 ; enlpimr burnt In 
nitrons oxide, 18S ; sulphorio aoid 
and zinc, 263; aulphniio acid and 
zlao oude, 264, syntheBiB of 
formic acid, 279, Tanations of 
quanlivalence, 2i6, weight of 
cartioriic dioside, 343. 

Feldspar, 291. 

Fai'cic eliloride, 808. 

Filtering, 161. 

Flame, 196; how colored, 199, 253, 
2B7; light of, 207; of wood and 
coal, 209. 

Formic add. 279, 288. 

French sjatem of weights and meas- 

Fuel, constituents of, 206 ; energy 
o^ 211 ; productB harniless, 211, 
Garnet, 291. 
Gas, cau3eofitBtciiEion,43; charao- 

Gas illuminaljng, 207. 

GaB-voIumea, how representad, 186. 

Qay-Luasao's law, 65. 

Gibb!ite, 290. 

Glass not absolutely homogeneous, 

21 ; size of raolecoleE, 28. 
Giyeerio acid, 317. 
Gljeerine, 221, S17. 
Gold, variations of qiiantivalenee, 

347. 
Graebe, eyntliesia of alizarine, 826. 
Gramme, 67. 
Graphic symbol, 2B1 ; acetone, 314 ; 

alizarine, 324; alnminic oxide, 
308; amldogen, 313; ammonia 
slum, 290; ammonia, gas, 244; 
" onio chloride, 244; ammoni- 



EX. £Z'i 

■am, 269 ; andaluEite, 290 ; aniline, 
321; anthracene, 324; beauxite, ' 
290; benzol, 320; butyric acid, 
804; calcic hydrate, 249; calcic 
snlphate, 260 ; cai'bon radicals, 
309-318 ; corundum, 290 ; chi^so- 
beryl, 290; chrysolite, 289; cu- 
prous oxide, 308; cyanogen, 269; 
diaspore, 290; ethyl, 269, 303; 
feldspar, 291 ; ferric eUoride, 
SOS; formic aoid, 280; fluoride 
of manganese, 246 ; garnet, 2B1 ; 
^bbslte, 290; glyceric acid, 817; 
glycerine, 317; nydrochloric acid, 
278; hjdi'Oxyl, 818; hypochlo- 
rous acid, 278 ; cbloiideB of iron, 
24S ; lactic acid, 317; methy], 
269; mercurouB chloride, 808; 
naphthaline, 828 ; nitric acid, 274 ; 
nitro- benzol, 820; nitro-tfllnol, 
820; mtro^lyoerine, 818 ; nitryl, 
318; phenol, 828; pboqjborouB 
chloride, S44 ; triplumbio hydrate, 
240; pota^io aluminic sulphate, 
260; potasaio hydrate, 273; pro- 
pionic add, 816; propylio idde- 
Iijde, 814; propylic glycol, 317; 
propylio hydride, 818 ; pyrufle 
acid, 816; quinone, 828; rosani- 
Jina, 321; silioio hydrates, 288; 
tortronio acid, 817; toluidino, 
821 ; toluol, 320 ; valerio aoid, 
806; wolkstonite, 289. 
Gunpowder, 217; energy exerted, 
220 ; products of combuEtiou, 219. 

Hare's compound blow-pipe, 100. 
Heat, nature of, 44-49 ; dereloped 
by burning, 193; whenever atoms 



Bity, 80. 
Homolognes, 806; series of, 283, 

314, 3iB. 
HydrateiB, nomenclature o^ 178 ; 

alkaline and add, 266; atomicity 

of; 28i; deGnition of, 266, £84; 

instability of, when complex, 267 ; 

yield water when heated, 287. 
Hydrides' of methyl, ethyl, propyl, 

etc., 814. 
Hydi'ochloric acid, 378; acticn on 
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carbonate, 141 ; oombines ivitli 
ammoala, 166; neutralizes alka- 
lies, 259. 

Hydrodisodic phoBphate, 288. 

Hydrogen, atomio wdght of; 128. 

Hjdr^en gas, 91 ; taming of, 198- 
SOl ; preparatiott of, 263 ; Bjnthe- 
ais of water, 191. 

Hydropotoasio oxalate, 283. 

nydroBodle sulphate, BS3. 

Hydros)!, 284, 818. 

Hjpoebloroua acid, 278. 

!oe, crystalline structure, 55. 
Ignition, poiut of, IBl. 
Impondei'ableB, 9S. 
IntelligonoB in Nature, 218, aifi. 



Mi^edo cuiTCB, 81 ; polarity, US. 
MimgiLnese . fluorides, 245; varia' 
' OS of quantiraleuce, 246, S47. 
itte'B law, 41. 
Matter, relations to space, 20 ; inde- 
structible, 144. 
Maxwell, "theoiy of lieat," 49 ; "on 



'ron cWoiides, 246 

ron, Tariatijns of q.aantiTiilcnee, 



Kekulfi beniol theory, 810. 
Kerosene, 314. 
Ketones, 314. 

Lactic acid, 317, 

Lamp, ft gas-lactory, 207. 

Lavoisier, 233, 291. 

Law of Amptce, 18; AvogEidi'o, 13, 
60; Boyla, 41; Chariei, 48-50; 
definite propoilJons, 107 ; Gay- 
Lussac, 66 ; Mariotte, 41 ; mul- 
tiple proportions, 115; Now ton, 
97. 

Liebig, 268. 

Light, when manifested, 1B3, 201 ; 
dimensions of waves, 24 ; disper- 
sion of, 27 ; polaiized, 63 ; wave 
theory, 23. 

Lime, action on watsF, 161 ; compo- 
sition of, 160. 

Lime-klin, 167. 

Limestones, how formed, 165. 



Luminous flauies, 207, 



Measures and wetohts, Frenuh sys- 
■ 1,87. 

iroua chloride, 308, 

Metathesis, 175. 

Uetathetical reactions, 251, 

Metre, 67. 

SOorocritli, 73, 120. 

tKxtnre, distinguished fiom a ohem- 
. iponnd, 107. 

Molecular structure, 249. 

Holeoules, IS, 86, 37, 42, 130. 

Molecules, chemical definition, 85, 
86; physical definition, 84; dis- 
tinguished frDm atoniE, 118 ; how 
divided, 88-89, 93; of elementary 
substances, 119-126, 178; thoir 
integi'ity depends on what, 260; 
size of, 28, 84 ; Btractui'e of, 226, 
242, 248, 251, 277; weight of, 
66, 71, 83. 

Honatonuo hydrates, 284. 

Middple proportions, law of, 115. 

Huldvaleut, 249. 

Kflphthaltoe, 328. 

Naphthas, 314. 

Nature, her three manifestations, 

216. 
Newton, Kr Isaac, 97. 
Nitrate of zinc, 293. 
Nitiio acid, 2BS, 274, 278 ; symbol 



Fitro-benzol and nitro-ioluol, 320. 

Nitrogen, compounds ^yith oxygen, 
116; influence on oomhuation, 
189; variations of qiiantivalanco, 
244. 

Nitro glvcetine, 221, 818; ejperi- 
mentat Newport, 223 ; molecular 
Btracture, 227, 319 ; theory of its 
action, 22B-233, 

KitrouB oiude, 131, 133, 
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Nifi'jl, 313. 
Nobat's bands, 25. 
Nomenclature, principles of, 109. 

Oro3, emelted by solnr energy, 214. 
Oi-ganic compounds, 297. 
Oialic BCid, 385. 
Oxides, QomenclatiifB of, 170; acid 

and basic, 292. 
Os^ien, atomic wo^ht of, 12B; 

chemical centre of Nature, 292; 

relations to duali^tic theory, 292. 
Oxygen gas, 91 ; relations to oom- 

bustible?, 189-287 ; preparation 

of, 178. 

Fi-riBsada and artiad?, 243. 

Phenol, S22. 

Phlo^ton theory, 98, 285. 

Phosgene gai, S79. 

Phosphoric acid, 280 ; chloi'idc, 2-14 ; 

Phosphoroua chloride, 244. 

Phosphorus, combustion of, 189, 
193 ; variation of qBaaUvnlenoe, 
244, 347. 

Pliyaical changes, definition, 96. 

Plants decompile carbonic dioxide, 
1B6, 

Pneumatic trongh, 167. 

Polarity of atome, 278. 

Polarized light, 60-63. 

Potasaic chlorate, crystals of, 181 ; 
used for making oiygen gas, 177, 
178; bumicg sugar, 216. 

Polassie chloride, crystals of, 181. 

Potassio h;fdrate, 267, 273 ; acted on 
by aluminnm, 236. 

Potiiaslo nitrate (saltpetre), 218, 
223, 258. 

Potassium, and water, 267. 

Projectile agents, 225. 

Propionic acid, 288, 816. 

Proportional numbers, 116 ; old sys- 
tem, 140. 

Pi'Opylie alcohol, 316 ; aldehyde, 
314; glycol, 817; hydride, 318. 

Psendo-fScnhola, 816. 

JE^mvio Boid, Slfl, 

QuanlitatiTe analysis, 123. 
Quautivalenoe, 288-261 ; diatinel 
feature of the new chemisky, 2 



hon- far fixed, S46; 



i, 326. 



Radicals, simple and compound, 
268 ; consisting of carbon-atoms, 
309 ; metals and metalloids, 270 ; 
electro-positive and electro-nega- 
tive, 270 ; serial relations, 271. 

Beactlons, analytical, 1T7 ; syntheU- 
oal, 1B4; metathetlaal, 251; de- 
scribe result - of experiments, 
186 ; espresseij by symbols, 144 ; 
indicate structure, 261, 801 ; nu- 
merical values calculated, 150, 
179 ; acetic ether and potassio hy- 
drate, S02; ammonia and hydro- 
chhsrlc add, 185 ; animonic ni- 
trate, ivhen heated, 181 ; butyric 
add and potassio hydrate, 803; 
carbonic i^oside and sodium, 163, 
158; carbonic dioxide and Bnn- 
light, 168; carbonic oxide and 
chloi-ine gaa, 279 ; carbonio oside 
and oxygen gas, 379 ; chalk, 'when 
calcined, 165 ; challc and hydro- 
chloric add, 167; coal and oxy- 
gen, 205; metalhc copper and 
chlorine gas, 187; electrolysis of 
water, 176 ; burning of hydrogen 
gas, 176; hydro^ and oiygen, 
197; hydrochloric add and iron, 
263 ; iodide of nitrogen, when ex- 
ploded, 184 ; lime and water, 1 61 ; 
lime-water and carbonic dioside, 
162 ; magnesium and water, 28} ; 
nitric oxide and oxygen gas, 186 ; 
potassio chloride, when heated, 
179 ; potassio hydrate and alumi- 
num, 3S6 ; potassic hydrate and 
nitric acid, 261 ; potasdom and 
water, 257; sodic carbonate and 
cream-of-tortar, 147; sodio car- 
bonate and hydrochloric acid, 
144, 147, 149, 160 ; sodic hydrate 
and hydrochloric add, 266 ; sodi- 
um and water, 254 ; sulphurio 
aoid and zino, 26S ; sulphuric acid 
and zinc oxide, 264. 
Keligion and Cheniistfy" — refcr- 



), 213. 
I BocheUe-salts formed 
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